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Over the past two decades, there has been a burgeoning interest in the use of nanomaterials 
for device applications due to these systems displaying unique optoelectronic properties that are 
not seen on the bulk scale. One branch of nanostructures that has garnered attention is the field of 
quantum dots (QDs), which are nanoscale semiconductors that can absorb a broad, spectral range 
of light. Compared to traditionally used organic fluorophores, QDs exhibit numerous advantageous 
properties, such as high photostability, narrow emission peaks, and size tunability. There have 
been a profusion of studies exploring the interface between QDs with both inorganic and biological 
components, leading to the creation of hybrid materials for various devices. However, before such 
nanodevices can be materialized, a fundamental understanding of how the individual components 
interact with one another is vital to engineer successful device architectures. Hence, the aims of 
this dissertation work are to offer further insights into how QDs couple with other inorganic and 
biological systems. The first project investigates how modulation of the excitation wavelength of 
a laser source influences the exciton and plasmon interactions of QDs adhered to gold (Au) 
nanoparticles. By monitoring the photoluminescence decays of the hybrid Au/QD structures, we 
discover that there is a shortening in the photoluminescence lifetime when the excitation 
wavelength is on resonance with the plasmon resonance of the Au nanoparticles. Our work 
contradicts previous findings, and we attribute the uncommon behavior in our system to several 
factors. The second project of this dissertation focuses on the interaction between QDs and the  
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transmembrane protein, bacteriorhodopsin (BR), which has been incorporated into multiple 
devices due to its robust nature and unique photochemistry. The objective of this work is to monitor 
the influence of QDs on specific photointermediates that comprise the BR photocycle using time-
resolved absorption spectroscopy. Our experimental findings demonstrate variations in certain 
photointermediate lifetimes that would be beneficial to photochromic applications, and we propose 
a controversial mechanism to delineate our results.  
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Chapter One. 
Introduction  
1.1 The “Nano” World  
 The SI prefix “nano” means “one-billionth” or “10-9.” Although frequently affiliated with 
a unit of measurement, the significance of “nano” is much greater than what can be found in a 
science textbook. Living in a digital world that is inundated by a stream of technological advances, 
the nanoscience industry has proven to be a multi-billion-dollar business that has impacted various 
aspects of our everyday lives.1 “Nano” has seeped into multiple products, such as televisions, 
computers, solar panels etc. However, before these products can be realized, it is paramount to 
understand the fundamental properties that comprise the individual components that make these 
devices.   
 The field of nanoscience focuses on the manipulation of matter at the nanoscale (1-100 
nm). Nanostructures encompass a range of materials, such as metallic nanoparticles, quantum dots, 
carbon nanotubes, and fullerenes to name a few examples. Unlike their bulk counterparts, 
nanomaterials display unique optical properties. Tuning the physical characteristics of the 
nanostructures (i.e., size, shape, and structure) has demonstrated to affect the optical properties of 
these materials.2 These optical properties include color changes to variations in absorption and 
emission spectral features. In addition to modifying the morphology of these nanostructures, the 
surrounding environment of the nanostructures also can influence optical properties. Studies have 
shown that by changing the solvent, capping ligands, or interparticle distance can impact the 
photophysical and optical features of the nano-components.3 Hence, work that explores the 
fundamental relationship between the physical features of the nanomaterials and their optical 
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properties is essential for the development of devices that are contingent on these nanostructures. 
The work delineated in this dissertation concentrates on core/shell semiconducting quantum dots, 
plasmonic gold nanoparticles, and bacteriorhodopsin for fundamentally-driven studies. The 
following sections provide a foundation on the basic principles that govern each of these fields.  
1.2  Quantum Dots  
 Initially discovered in the early 1980s by Alexey Ekimov4 and Louis Brus,5 quantum dots 
(QDs) have been integrated into a variety of both fundamental and device-driven studies. The 
burgeoning interest in QDs stems from the relative ease in synthetically manipulating the physical 
properties of these nanocrystals. Quantum dots are inorganic semiconducting crystals that range 
in size from 1 nm to 100 nm and are often referred to as “artificial atoms.”6  The following sub-
sections delineate the unique photophysical properties of QDs, in addition to the various synthetic 
methods and commercial applications related to QDs.  
1.2.1 Optical Properties of Quantum Dots  
 Quantum dots (QDs) are nanoscale semiconductors that exhibit features between that of 
bulk semiconductors and individual atoms. As a result of the relatively small size of the QD, the 
electron is considered to be confined with a “quantum box.” Unlike in bulk semiconductors that 
are comprised of continuous valence and conduction bands, QDs are composed of discrete energy 
levels as illustrated in Figure 1.1C.7 The quantized energy bands occur due to the radius of the QD 
being smaller than the Exciton-Bohr radius. One of the most interesting optical properties of QDs 
is fluorescence of multiple colors. Upon photoexcitation of the nanocrystal, electrons within the 
QD are excited from the valence band to the conduction band (Figure 1.1C). The excitation of an 
electron to the conduction band results in the creation of a positively-charged hole in the 
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conduction band. This pairing of the electron and hole 
is defined as an “exciton.” Fluorescence occurs due to 
the recombination of the electron with that of the hole 
in the valence band. By synthetically tuning the size of 
the QD, researchers can modulate the fluorescence 
color.8 In other words, as the size of the QD increases, 
the energy band gap between the valence and 
conduction bands within the QDs decreases. The 
resultant decrease in the energy band gap translates to 
less energy needed to excite an electron and less 
energy being released during the exciton 
recombination process. Hence, a red shift in the 
absorption and emission spectra is observed during 
the synthetic growth of QDs (Figure 1.1B). 
Concomitant with the synthetic tunability of 
colloidal QDs, QDs display additional alluring 
properties over traditionally used organic 
fluorophores in fundamental and application-based 
studies, which will be further discussed in Section 
1.2.3. Despite the numerous advantageous 
properties QD demonstrate, issues of toxicity and 
stochastic blinking plague the potential use of QDs 
in commercial electronic products.9-10 Nevertheless, researchers continue to explore ways to 
Figure 1.1 (A) Illustration depicts 
core/shell structure of a cadmium 
selenide/zinc sulfide (CdSe/ZnS) quantum 
dot (QD) with a corresponding transmission 
electron microscopy (TEM) image. (B) 
Solutions of QDs with increasing core 
diameter. As the size of the QD is increased, 
the solution color changes from blue to red 
and the emission spectra are red-shifted. (C) 
Energy level diagrams of different sized 
QDs compared to the valence and 
conduction bands of bulk semiconductors. 
Quantum confinement in the QDs results in 
a smaller energy band gap as the QD 
becomes larger in size. Reprinted with 
permission from ref. 7. Copyright 2011 
American Chemical Society.   
4 
 
address the problems of toxicity and blinking with the goal to incorporate QDs into a myriad of 
applications, which will be discussed in the following sections.  
1.2.2 Synthetic Procedures  
Various methods exist to synthesize QD nanocrystals for either fundamental or application-
driven studies. The most successful and widely known synthesis that creates QDs with high 
crystallinity and quantum yields is the organometallic method. This synthesis was proposed in 
1993 by Bawendi et al.11 and involves a high temperature reaction between a mixture of trioctyl 
phosphine and trioctyl phosphine oxide (TOP/TOPO) and organometallic precursors to yield CdSe 
QDs that display a narrow size distribution. Despite the success of this method in creating 
uniformly sized QDs, these QD nanocrystals are not ideal for biological applications, since they 
are primarily composed of inorganic materials, and hence insoluble in aqueous solutions. 
Moreover, the toxicity of the starting materials (i.e., cadmium and lead) is another significant 
concern when considering QDs for commercial applications. Due to the compatibility issues with 
biological media, other groups have developed aqueous phase synthetic procedures for QDs. One 
of these aqueous based syntheses was proposed by Rajh and coworkers12 that detailed the usage 
of Al2Te3 and Cd(ClO)4·6H2O as precursors to generate CdTe QDs. The advantages of this 
technique are that it is an environmentally friendlier and cheaper alternative to the organic phase 
method. Thus, QDs synthesized this way can be easily integrated into biological systems. 
However, these QD nanoparticles are plagued by a myriad of issues, such as low quantum yields, 
large size distributions, and poor colloidal stability. The problems associated with aqueous phase 
QDs have led many groups to concentrate on aqueous phase transfer of the QD synthesized via the 
high temperature route.  
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The aim of phase transfer procedures is to replace the hydrophobic ligands (i.e., TOPO) 
passivating the QD surface with hydrophilic capping ligands to hinder the disintegration of the 
QDs in aqueous media. Some of the reported phase transfer methods include replacing the TOPO 
ligand with bifunctional, amphiphilic ligands.13-14 Water compatible QDs are created by anchoring 
the hydrophobic ends of the ligands onto the inorganic QD surface, while the exposed hydrophilic 
end groups interact with the biological media. Examples of bifunctional ligands that have been 
utilized include various thiols and multidentate ligands. Our own research group follows an ligand 
exchange protocol proposed by Chen and coworkers15 that replaces the organic capping ligand 
with the thiol-terminated molecule, poly(ethylene glycol) methyl ether thiol, or mPEG thiol. In 
this ligand exchange procedure, the thiol group binds to the inorganic QD surface, while the PEG 
moieties promote the water compatibility of the QDs. This thiol ligand exchange is further detailed 
in Chapters Three and Four of this dissertation. Additional phase transfer methods include 
coating the QD surfaces with silica shells and then adhering different polar molecules onto the 
shells.16-17 In this capping technique, the silica shells insulate the QDs and prevent further 
deterioration of these nanocrystals. Another phase transfer technique involves the integration of 
multi-block copolymers with the TOP/TOPO ligands.18-20 The hydrophobic end groups of the 
copolymers interact with the inorganic alkyl phosphine ligands, while the hydrophilic moieties 
promote QD solubility in aqueous solutions. The methods delineated in this section highlight 
inorganic and aqueous synthetic procedures, in addition to different phase transfer techniques 
involving QD nanoparticles.    
1.2.3 Quantum Dot Applications  
 Since the inception of QDs in the early 1980s, QDs have demonstrated a plethora of 
advantageous features for device applications over historically used organic fluorophores. Some 
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of the alluring properties of QDs include high quantum yields and molar extinction coefficients.21 
Unlike organic dyes that display broad emission features and are susceptible to photobleaching, 
QDs exhibit narrow emission profiles that can span from the ultraviolet to near-infrared regions of 
the electromagnetic spectrum.8 Furthermore, QD nanocrystals are highly resistant to photophysical 
degradation and photobleaching.22 However, the most auspicious feature of QDs over organic 
fluorophores is the size tunability resulting from varying QD synthesis times. As discussed in 
Section 1.2.1, modulating the size of these nanoparticles enables researchers to control the 
fluorescent properties of the QD. The tunability of both the diameter and fluorescence of these 
nanocrystals makes them promising candidates for a host of studies ranging from biological to 
energy-related fields. Currently, there has been commercial success reported on the integration of 
QDs into flat screen televisions engineered by the company, Samsung. The following two 
subsections provide overviews of biological and energy-related applications involving QDs.  
1.2.3.1 Biological Applications  
 Biologically driven studies have integrated QDs into areas, such as sensing, imaging, and 
drug delivery. Unlike traditionally used fluorescent labels, colloidal QDs have demonstrated long 
term stability and the ability to distinguish numerous signals in biological imaging and sensing 
projects. In particular, QDs that emit in the near-infrared region (i.e., 700 – 900 nm) have proven 
to be successful imaging agents for in vitro and in vivo studies. Work conducted by Kim et al. and 
Waggoner et al. detailed the success of imaging cancerous cells in animals with QDs and showed 
how the QD fluorescence lasted in vivo for a few months.23-24 Other studies have illustrated the 
use of QDs to track the metastatic growth of tumorous cells in mice with multicolor spectral 
imaging.25-27 
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 Another medical application in which QDs have shown great promise is the cancer 
treatment of photodynamic therapy. The success of this therapy is contingent upon the interaction 
between light and a photosensitizing agent to target and kill tumorous cells. Specifically, the 
activation of the photosensitizing agent by light leads to a transfer of energy from the agent to 
oxygen in cells, resulting in the generation of singlet oxygen species that selectively kill the 
tumors. One of the initial studies utilizing QDs in photodynamic therapy was performed by Samia 
and coworkers.28 In their work, photoactivated CdSe QDs would transfer energy via the Förster 
resonance energy transfer (FRET) mechanism to the photosensitizing agent. The Förster resonance 
energy transfer formalism will be discussed in greater detail in Chapter Two of this dissertation. 
By adjusting the optical properties of the QDs, Samia et al.28 demonstrated that they could treat 
both shallow and deep tissue tumors with colloidal QDs. Additional biologically-driven studies on 
QDs have incorporated these nanostructures into FRET-based biosensors and various drug 
delivery systems.29-31 However, the greatest deterrent to the commercial success of QDs in 
biological devices is the toxicity of the elements cadmium and lead used to synthesize the QD 
nanoparticles. Hence, multiple research groups have explored alternative ways to develop QDs 
(see Section 1.2.2 in Synthetic Methods) for use in biological systems.  
1.2.3.2 Solar Energy Applications  
 The versatility of QDs has also proven beneficial in the field of energy-driven applications. 
One such energy-related application that has placed focus on QDs is the design of solar cells. 
Commercially successful solar cell technologies frequently utilize silicon as a dielectric medium 
for light absorption. However, the high production costs and labor-intensive fabrication has 
influenced scientists and engineers to seek alternative routes to develop solar cells. One of these 
alternative designs is dye-sensitized solar cells. Rudimentary work on dye-sensitized solar cells 
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concentrated on studying the electron transfer processes between various dyes and wide band gap 
metal oxides, such as titanium dioxide (TiO2) with reported efficiencies of up to 13%.
32 Despite 
relatively high-power conversion efficiencies reported for these dye-sensitized cells, these cells 
still suffer from limited photostability and slow charge transfer—two factors which are critical for 
the commercial deployment of these solar cells. Hence, multiple groups have investigated the 
replacement of dyes with QDs for dye-sensitized solar cell studies. Similar to the dyes used before, 
QDs enhance the light absorption of the cell and promote ultrafast electron transfer to the metal 
oxide component in the cell with the highest recorded power conversion efficiency being 11.6% 
as of 2016.33 The injection of the electron from the semiconducting QD to the metal oxide must 
occur on an ultrafast timescale for optimal device performance. 
Multiple groups have investigated how the carrier dynamics in these solar cells are strongly 
contingent upon the physical properties of the individual units.34-37 For example, Abdellah and 
coworkers demonstrated how charge transfer between CdSe/ZnS (core/shell) QDs to zinc oxide 
(ZnO) nanoparticles was exponentially dependent upon the shell thickness of the QD.38 
Alternatively, others have explored how linker molecules connecting the QDs to metal oxides 
impact the electron transfer.39-42 One study conducted by Pullerits et al. utilized femtosecond 
transient absorption spectroscopy to show how the rate of electron transfer is easily influenced by 
the linker structure that anchor the QDs onto the metal oxide.43 Additional work on electron 
transfer between QDs and other molecular complexes in light-driven applications (i.e., solar cells) 
will be elucidated in Chapter Two of this dissertation.    
 Concomitant with electron transfer studies, focus has also been placed on multiexciton 
generation and charge recombination in QD/metal oxide systems.44-45 The creation of 
multiexcitons is possible when the energy from higher energy photons results in the formation of 
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at least two electron-hole pairs, known as excitons. Multiexciton generation would be 
advantageous for increasing the power conversion efficiency of QD/metal oxide solar cell devices, 
potentially surpassing the Schockley-Queisser limit. However, charge recombination is a hurdle 
that scientists and engineers must still rectify to achieve optimal performance for these cells. 
Possible solutions to charge recombination include improving the surface coverage between the 
QD nanoparticles and metal oxide for instance. Similar to the biological applications of QDs, the 
toxicity of the current materials is still a major hindrance to the practical use of QDs for solar 
devices. Nevertheless, QDs have proven to be effective semiconducting elements in not only 
biological and solar applications, but also in light emitting diodes and liquid crystal displays. 
Additional applications pertaining to QDs can be found elsewhere.46-47      
1.3 Gold Nanoparticles  
 Colloidal gold nanoparticles have a rich history dating as far back to the fourth century 
A.D. in which gold nanoparticles were incorporated into stained glass and ceramics. The most 
famous historical example of gold nanoparticle usage is the Lycurgus Cup designed by the 
Romans.48 This ornate chalice appears green in the daylight but is red when illuminated from the 
inside due to how light interacts with the nanoparticles. Today, the interesting optical properties 
of gold nanoparticles have been extensively studied by multiple research groups.3, 49-52 This section 
explores what phenomenon is responsible for the nanoparticle features and how these properties 
have been applied to various applications. Furthermore, this section also addresses the many well-
established syntheses that have been developed to synthesize gold nanoparticles of different sizes. 
Lastly, the development of hybrid systems comprised of plasmonic gold nanoparticles and 
semiconducting QDs is highlighted in the final section.  
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1.3.1  Localized Surface Plasmon Resonance and Applications 
Gold nanoparticles display unique optical properties that are influenced by the 
morphology, size, and surrounding environment of the nanoparticles. Specifically, when the 
nanoparticles are photoexcited with light set to a certain frequency, the free electrons in the 
nanoparticle oscillate in resonance with the light frequency as illustrated in Figure 1.2. This 
oscillation of free electrons is described as “plasmons.” The interesting phenomenon of plasmons 
is synonymous with the term, “localized surface plasmon resonance,” or simply LSPR.53 
 
Figure 1.2 The collective oscillations of free electrons within nanometer-sized metallic particles (i.e., gold 
(Au) or silver (Ag)) that occurs when the metal nanoparticles are impacted by an electric field is defined as 
localized surface plasmon resonance (LSPR). Reprinted with permission from ref. 53. Copyright 2007 
Annual Reviews.  
Localized surface plasmon resonance is responsible for the fascinating optical properties of gold 
nanoparticles that are well-detailed in the literature.54-55 For example, the LSPR of small gold 
nanoparticles (~40 nm in diameter) result in the absorption of light in the visible range of the 
electromagnetic spectrum (~530 nm). Thus, the light reflected by the gold nanoparticles is closer 
to longer wavelengths (~700 nm), yielding a gold nanoparticle solution that is reddish in color. 
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Figure 1.3 demonstrates that as the nanoparticles grow larger in size, the LSPR wavelength of the 
gold nanoparticles shifts to longer, redder wavelengths.56 Since the nanoparticles are absorbing 
redder light, the particles will then reflect blue light, meaning that the gold colloidal solution 
appears either light blue or purple in color. 
Figure 1.3 (A) 40 nm-sized gold (Au) nanoparticles synthesized with the well-established Frens’ method 
can be used as “seeds” to grow larger size Au nanoparticles. (B) Gold nanoparticles varying in size from      
~75 nm to 120 nm were synthesized using the 40 nm Au “nanoseeds.” As the Au nanoparticles are grown 
larger in size, the colloidal solutions change from red to blue to orange. (C) The extinction spectra of the 
40 nm “seeds” and the Au nanoparticle solutions grown from the seed solution. Similar to QD absorption 
and emission spectra, the extinction spectra of Au nanoparticles are red-shifted as the Au nanoparticles are 
grown to larger sizes. Reprinted with permission from ref. 56. Copyright 2017 American Chemical Society.   
Due to the plasmonic properties and facile size tunability of gold nanoparticles, many have 
incorporated gold nanoparticles into various device applications ranging from electronics to bio-
imaging.57-58 One field that gold nanoparticles have been utilized in is surface-enhanced Raman 
spectroscopy (SERS). The SERS technique uses gold nanoparticles as substrates and exploits their 
plasmonic features to detect molecules, proteins, etc. without labeling the analytes. Concomitant 
with their plasmonic properties, nanoparticles are capable of scattering light and this feature has 
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been exploited for various imaging applications.51 The scattering of light by gold nanoparticles 
produces a range of colors that can be viewed using dark-field microscopy. Additional applications 
that gold nanoparticles have been applied to include drug delivery,59 catalysis,60 and diagnostics.61 
When gold nanoparticles are coupled to other nanostructures, such as quantum dots, their 
plasmonic properties can interact with the quantum dot excitons, leading to modified optical 
properties that will be discussed in Section 1.4.   
1.3.2 Synthetic Procedures  
 Multiple synthetic techniques have been introduced throughout the years to create gold 
nanoparticles in aqueous media. One of the earliest proposed syntheses was from Turkevich and 
coworkers62 in 1951 in which the gold salt, chloroauric acid (HAuCl4), was reduced with sodium 
citrate. In this procedure, sodium citrate acted as both a reducing and stabilizing agent of the gold 
colloids. Frens et al.63 later refined the Turkevich method in 1973 by modifying the sodium citrate 
amount used in the gold nanoparticle synthesis. By controlling the ratio between sodium citrate 
and chloroauric acid, Frens and coworkers demonstrated that they could grow gold nanoparticles 
over a series of sizes. Although Frens et al. introduced a facile colloidal growth, the “Frens’ 
technique” was proven to be unsuccessful at synthesizing monodispersed gold nanoparticles that 
were larger than 100 nm in diameter. Hence, seed-mediated procedures were designed to 
synthesize bigger size gold nanoparticles (> 100 nm in diameter), that demonstrated more uniform 
control over the nanoparticle size.64-66 In essence, the seed-mediated synthesis is a multi-step 
procedure that first entails synthesizing nanoparticles of a certain size to be used as the “seed”. 
The second step involves the addition of various precursors to the “seed” solution that enable the 
growth of the gold nanoparticles. Multiple seed-mediated syntheses have been detailed through 
the literature that have demonstrated successful colloidal growth using different reducing agents. 
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For instance, Liz-Marzán et al.67 synthesized gold nanoparticles that were 12 – 180 nm in diameter 
using cetyltrimethylammonium bromide (CTAB) as the stabilizing agent and ascorbic acid as the 
reducing agent. Additional studies, specifically conducted by Natan and coworkers,68 have utilized 
hydroxylamine hydrochloride as the reductant that aids in the gold nanoparticle growth. The 
synthetic work presented in Chapter Three of this dissertation follows the seed-mediated 
procedure proposed by Li et al.66 in which 40 nm-sized gold nanoparticles are used as the “seeds” 
to grow gold nanoparticles that are 120 nm in diameter. In summary, seed-mediated procedures 
facilitate a controlled growth of nanoparticles that aid in the development of more complex 
nanosystems, such as core/shell and bimetallic structures.   
1.3.2.1 Stöber Method: Silica Coatings of Gold Nanoparticles  
 One example of core/shell structures that has been thoroughly detailed in the literature are 
gold nanoparticles coated with silica. Silica-coated gold nanoparticles have proven to be 
advantageous over bare gold nanoparticles for biomedical and photoacoustic imaging 
applications.69-70 In solution, uncoated gold nanoparticles are known to aggregate or dissolve under 
laser irradiation, ultimately impacting the optical properties of the nanoparticles and hindering 
their potential use in devices. By functionalizing the nanoparticle surfaces with silica, a more 
robust nanosystem is created that prevents nanoparticle aggregation in solution.  
 Silica nanospheres were first synthesized in the 1960s using a technique called the Stöber 
method71 that entailed the creation of silicon alkoxides under basic conditions in various alcohols. 
In 1996, Liz-Marzán et al.72 pioneered the multi-step synthesis of citrate-capped gold nanoparticles 
encapsulated with silica. In their procedure, the bare gold nanoparticles are first functionalized 
with an amino-silane, such as (3-amino-propyl)triethoxysilane (APTES). The amine groups              
(-NH2) bind to the gold surface, while the triethoxysilane groups (-Si(OEt)3) protrude outward 
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reacting with sodium silicate via hydrolysis and condensation. The reaction between the -Si(OEt)3 
groups with sodium silicate results in the formation of a thin silica layer around the nanoparticles. 
In order to create thicker silica coatings, tetraethyl orthosilicate (TEOS) is need for further 
hydrolysis and condensation.73  
1.4  Hybrid Quantum Dot/Gold Nanoparticle Systems  
 The plasmonic features exhibited by gold (Au) and silver (Ag) nanoparticles conjoined to 
the excitonic properties of QDs have resulted in the genesis of novel hybrid systems that display 
anomalous optical profiles. The term “plexitonic coupling” defines the interaction that exists 
between Au plasmons and QD excitons, and this coupling can potentially be employed in different 
applications.74 A majority of these published works have focused on tuning the physical 
parameters of the individual units to influence the spectral features of the hybrid system. These 
physical properties often include variations in size, shape, and distance between the Au 
nanoparticles and QDs.75-78 One of the initial studies that proposed an Au/QD heterostructure 
design was reported in 2006 by Klimov and coworkers.79 As illustrated in Figure 1.4, their 
synthetic design entailed coating Au nanoparticles with insulating silica (SiO2) shells and then 
self-assembling CdSe QDs onto the shells. 
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Figure 1.4 (A) Cartoon illustrates the hybrid nanostructure synthesis used by Klimov and coworkers. (B) 
Transmission electron microscopy (TEM) image of ~45 nm gold (Au) nanoparticles. (C) TEM image of 
Au nanoparticles coated with ~24 nm-thick silica (SiO2) shells. (D) TEM image of self-assembled CdSe 
quantum dots (QDs) adhered onto the Au@SiO2 nanostructures. All scale bars set to 100 nm. Reprinted 
with permission from ref. 79. Copyright 2006 American Chemical Society.  
Figure 1.5 (A) Illustration depicts the hybrid Au/QD assembly separated by the polypeptide linker, YEHK 
that was proposed by Mattousi and coworkers. (B) Emission spectra of the hybrid Au/QD system. As the 
number of Au nanoparticles increased relative to the QDs, there was a noticeable quenching in the QD 
photoluminescence. (C) Photoluminescence lifetimes gathered for colloidal QDs and one of the Au/QD 
solutions. A shortening in the photoluminescence lifetime was observed for the hybrid system due to energy 
transfer between the Au nanoparticles and QDs. Reprinted with permission from ref. 77. Copyright 2007 
American Chemical Society.   
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 By tuning the metallic nanoparticle/QD distance with either silica or various polypeptide 
linkers, multiple groups have demonstrated either photoluminescence quenching or enhancement 
of QDs. For example, Mattousi et al.77 showed QD photoluminescence quenching (Figure 1.5) was 
possible when controlling the distance between Au nanoparticles and QDs via a polypeptide chain.                                                                                                                                                         
This study and others are further elaborated upon in Chapter Three of this dissertation. Although 
multiple studies fixate on modulating the physical properties of the single components, there have 
been few reports that explore how external parameters, such as excitation wavelength, can impact 
plexitonic coupling. Chapter Three introduces our work and others on the role excitation 
wavelength has on the coupling in Au/QD systems.   
1.5 Bacteriorhodopsin  
 Bacteriorhodopsin (BR) is one of hundreds of proteins called “opsins” that possess the light 
absorbing chromophore, retinal. This chromophore is important for various biological functions in 
opsins, such as ion transport to light-activated cellular processes—the most important of these 
cellular processes to life being vision.80 In BR, retinal is integral to the light-driven, proton 
pumping capability of the protein. Since the 1970s, there has been a growing interest in the 
incorporation of BR into numerous bio-electronic applications,81-82 due to the appealing 
photochemical and optical features of the protein. This section explores the properties of BR, in 
addition to the well-characterized native and branched BR photocycles. The final subsection 
elucidates the application of BR in Fourier transform holographic associative processors, which 
are novel computing systems.  
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1.5.1  Properties of Bacteriorhodopsin      
Bacteriorhodopsin (BR, MW = 26 kDa) is a 
photoactive protein that is expressed in the 
archaeon, Halobacterium salinarum. The 
organization of this protein within the cellular 
membrane of H. salinarum is that of trimers that are 
in a two-dimensional, semi-crystalline lattice. As 
illustrated in Figure 1.6, BR is comprised of seven 
trans-membrane, -helices and the light-absorbing 
chromophore, all-trans retinal, which is bound by a 
protonated Schiff base to lysine-216.83-85 The 
main function of BR is to convert light absorbed 
by the protein into metabolic energy under 
anaerobic conditions.86-87 This conversion process 
is aided by a proton-pumping mechanism within 
the membrane that is triggered when retinal 
absorbs a photon at ~570 nm wavelength. The 
absorption of a photon by retinal initiates a cis-trans isomerization of the chromophore, leading to 
a sequence of spectrally distinct photointermediates that define the BR   photocycle (see Section 
1.5.2). 
The uniqueness of BR stems in part from its high thermal and photochemical stability once 
removed from its native environment.83, 88-89 The organism, H.salinarum, has flourished in salt 
marshes with high salinity for 3.5 billion years. Previous works have demonstrated the ability of 
Figure 1.6 The native environment for 
bacteriorhodopsin (BR) is the archaeon, 
Halobacterium salinarum. The protein is 
comprised of seven trans-membrane, α-helices 
and has a light absorbing chromophore called 
retinal, which is covalently bounded to lysine-
216 (K216) in helix G. In H.salinarum, BR is 
found in trimers that are embedded in a semi-
crystalline lattice called the purple membrane 
(PM).  Reprinted with permission from ref. 88. 
Copyright 1999 American Chemical Society.  
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BR to withstand intense fluctuations in temperature, light, and pH.88 Specifically, the stability of 
BR in solution has found to be as high as 80 °C, whereas dried BR films can endure temperatures 
over 100 °C.90 Furthermore, studies have shown that the cyclicity of BR is on the magnitude of 
106,90 which can be interpreted as the ability of the protein to be continuously activated via incident 
light. Additionally, high quantum efficiencies (Φ) of about 0.65 have been reported for the primary 
photochemical event of the BR photocycle.91-92 In the final subsection (Section 1.5.3) under 
Bacteriorhodopsin, an explanation is given on one of the most interesting optical features of 
BR—the photochromic pairing of certain photointermediates. Hence, the impressive optical and 
physical properties of BR have been integrated into numerous biological applications, in particular 
optically-based bioelectronic devices.  
1.5.2 The Native and Branched Photocycles of Bacteriorhodopsin 
 The photocycle of bacteriorhodopsin describes the isomerization of the retinal 
chromophore and subsequent proton transfer across the purple membrane. Both the isomerization 
and proton transfer events are characterized by a succession of conformationally and spectrally 
distinct photointermediates that comprise the photocycle. At first, photoactivation of BR results in 
the all-trans retinal being isomerized to the 13-cis conformation of the double bond at C13=C14 in 
the chromophore. This strained conformation drives the protein from its resting state (the bR 
photointermediate) to the disputed initial photochemical event of the photocycle—the K 
photointermediate.93-96 The initial photointermediate materializes within three picoseconds at an 
absorption maximum (λmax) of 590 nm. After the primary generation of the K photointermediate, 
the photocycle is then defined by a series of transient photointermediates—the L, M, N, and O 
photointermediates—prior to the reformation of the bR photostate as shown in Figure 1.7.97-98 
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During the photocycle, retinal remains in the 13-cis 
conformation through the L, M, and N photointermediates, 
and then reisomerizes to all-trans during the O 
photointermediate.  
Concomitant with the conformational changes of 
retinal during the photocycle, there is a net translocation of 
a proton across the membrane that leads to a progression 
of protonation and deprotonation events during each 
photointermediate. The L → M photointermediate 
transition is defined by the movement of a proton from the 
Schiff base to Aspartic Acid-85. The M photostate has an 
absorption maximum (λmax) of 410 nm and can last for 5-
10 ms, leading to the release of a proton from the proton 
release group (PRG).99 Interestingly, the M 
photointermediate is a hyposochromically-shifted 
photointermediate and the change in refractive index 
between the M and bR photointermediates results in a 
photochromic pair that will be discussed in greater detail 
in the next section.  
 Reprotonation of the Schiff base from Aspartic Acid-96 drives the transition between the 
M → N photointermediates, subsequently leading to proton translocation from the N → O 
photointermediates, in which Aspartic Acid-96 is reprotonated from the cytoplasmic side of the 
membrane.90 It is during this final reprotonation step that retinal is restored to the all-trans 
Figure 1.7 The main and branched 
photocycles of bacteriorhodopsin 
(BR). Spectrally distinct 
photointermediates are observed 
during the cis-trans isomerization of 
retinal. The lifetime and absorption 
maxima for each photointermediate 
are shown in the illustration. The 
absorption maxima are in units of 
nanometers. Reprinted with 
permission from ref. 98. Copyright 
2014 American Chemical Society.  
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conformation. The last transition of the photocyle is that of the O → bR photointermediate that 
arises from the deprotonation of Aspartic Acid-85 and the reprotonation of PRG on the 
extracellular side of the membrane.99  
 An extension to the native photocycle that has been thoroughly explored throughout the 
literature details a branching from the main photocycle at the O photointermediate. Illumination 
of the O state by red light leads to the creation of the branched photocycle, in which a some of 
retinal in BR is isomerized to 9-cis leading to the formation of the P photointermediate.98, 100 
However, hydrolysis of the Schiff base bond occurs as a result of steric hinderance in the retinal 
binding pocket, creating an additional photointermediate defined as the Q photostate. 
Photoexcitation of the Q photointermediate by blue light reforms the Schiff base bond, and retinal 
is reisomerized to the all-trans conformation leading back to the resting state (bR). Unlike the 
transient nature of the other photointermediates, the Q photointermediate is a long lasting, stable 
photostate that has been applied to long-term optical memory storage and processing applications 
utilizing BR-based thin films.101-102 A brief discussion of the Q photointermediate applications can 
be found in Chapter Four of this dissertation.  
1.5.3 Applications of Bacteriorhodopsin: Holographic Associative Processors  
Upon the initial discovery of BR in the 1970s, the protein has been incorporated into a 
myriad of applications in bionanotechnology, such as photovoltaic devices, biosensors, protein-
based artificial retinas, and bio-computing systems.90, 103-104 In this section, emphasis is 
concentrated on BR usage as an optical medium for one area of bio-computing—Fourier transform 
holographic associative processors. Prior to addressing the advantages of BR in holographic 
processors, a discussion on the difference between commercial semiconducting technologies and 
associative processors is given. 
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 Current computing technologies operate under a modern random-access memory, or RAM. 
RAM has been successfully applied for large-scale commercial development as a result of its 
strong dependability. Computing systems that utilize RAM are address-based, meaning that the 
data in the system is written, read, and erased depending on the location in the computer.105 
Compared to RAM-based computers, holographic associative processors function under a content-
addressable memory (CAM) structure, meaning that upon data retrieval by the computer, the stored 
memory in the system is searched on multiple databases in real time. If the CAM-based computer 
is unable to identify the input information, the computer will return the closest match to the input 
data. Thus, these advanced processors can be thought of as “neural” systems that are able to 
identify data in real time and compare that data to others stored in the computer.105 There has been 
a growing interest to engineer associative processors due to their similar functionality to that of 
the human brain.106-108 Thus, many have considered holographic associative processors to pave the 
way for the creation of artificial intelligence.  
  As technology continues to astronomically advance, many research groups have explored 
the potential of developing RAM devices on the molecular scale.88, 109-110 However, various power 
and heating issues have plagued molecular RAM structures. Furthermore, there is a growing 
concern that these smaller RAM designs will reach their scalable limits, as predicted by Moore’s 
Law.88 Due to the many difficulties reported on molecular RAM structures, work has concentrated 
on designing associative processing systems on the nanoscale, that have been discovered to 
efficiently encode and manipulate data at such small scales. Many of these “nano-size” associative 
processors operate using biological materials like BR, which haven proven to be a promising 
alternative to silicon-based computer chips.   
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 As stated previously, BR has been integrated into many optically-based bioelectronic 
devices due to its robust nature and unique photochemistry. However, the most interesting 
photochemical property of BR is the photochromic nature of the M/bR photointermediates of the 
BR photocycle, which has been discovered to be an incredibly useful feature for holographic 
designs.82, 111 Real-time holographic processors incorporate BR-based films that are written using 
the photochromic properties of the protein. One of the most famous commercial applications of 
BR-based holographic devices is the Fringemaker® interfermometer designed by Norbert Hampp 
and co-workers, which utilized the BR mutant D96N due to its elongated M photointermediate 
lifetime.112 
 Photochromism is defined as a reversible change between two chemical forms that display 
different absorption spectra upon photoactivation of the system. In terms of the BR photocycle 
(Figure 1.7), photoexcitation with a wavelength of 410 nm during the lifetime of the M 
photointermediate, can lead to the formation of the bR photointermediate before the completion 
of the photocycle.113 Hence, the generation and decay between the bR and M photostates has been 
used as a bistable, optical switch for real-time holographic applications. Although the M/bR 
photochromic pair has been proven to be a successful binary system in real-time holographic 
applications, the M photostate lifetime of wild-type BR (5 – 10 ms) is prohibitively short for real-
time associative processing. Because of this, various chemical modifications have been employed 
(i.e., mutagenesis) to extend the M photointermediate lifetime.114-115 However, the main 
predicament with chemical alterations, such as mutagenesis, is that photointermediate lifetimes are 
finite. Thus, it is impossible to tune the kinetics of the BR photocycle for use in holographic 
designs, limiting the potential of the protein for these devices. In the final chapter of this 
dissertation, it is proposed to integrate quantum dots (QDs) with BR, to demonstrate excitonic 
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coupling at various QD concentrations, which enables control over the photocycle lifetime. By 
having such control over the photocycle would allow researchers more freedom in the engineering 
of holographic associative processors.         
1.6  Dissertation Overview  
 The overarching aim of this dissertation is to explore how energy transfer processes in 
inorganic and biological systems influence the optical properties of hybrid nanoassemblies. In 
particular, attention is placed on inorganic, semiconductor nanocrystals called quantum dots. Two 
different hybrid assemblies are the focal points of the last two chapters of this dissertation. In the 
first system, quantum dots are coupled to plasmonic gold nanoparticles and the impact excitation 
wavelength has on the heterostructures is reported, which is an external factor often overlooked in 
the literature. The second project examines the influence quantum dots have on the 
bacteriorhodopsin photocycle and how such influence can be utilized for a novel device 
application. Both studies reveal unusual behavior not previously reported, and the goals of these 
works are to delineate controversial mechanisms to elucidate the observed phenomena.  
 Chapter One provides an overview of the interdisciplinary field of nanoscience and 
addresses the significance of the completed projects of this dissertation. This chapter offers the 
reader an elementary understanding of the optical and photochemical properties of quantum dots 
(QDs), gold nanoparticles (Au NPs), and bacteriorhodopsin (BR). Applications that utilize these 
inorganic and biological materials are also highlighted.  
 Chapter Two bridges a connection between the fields of quantum dots, small molecules, 
and proteins, such as bacteriorhodopsin, leading to the creation of quantum dot/molecular systems 
for potential use in light-driven devices. In this chapter, well-established energy and charge 
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transfer processes are explained, in addition to highlighting studies that focus on QDs as the 
nanoscaffold to various molecular and biological systems. The work outlined in this review details 
the creation of novel spectral features due to coupling between QDs and either molecular or 
biological components. Moreover, this chapter explores how energy transfer processes impact the 
optical properties of the individual components of these heterostructures and offers a future 
perspective that researchers can focus on in energy transfer studies. 
 Chapter Three concentrates on how the excitation wavelength of a laser source can 
influence the photoluminescent decays of CdSe/CdS quantum dots (QDs) adhered to plasmonic 
gold nanoparticles (Au NPs) coated in insulating silica shells of a controlled thickness. Few studies 
have focused on how this external parameter impacts QD photoluminescence quenching, hence 
leading to an often-debatable mechanistic explanation. Solution samples of the heteroassemblies 
were photoexcited with an actinic pulse that was tuned from 510 to 590 nm. Our results 
demonstrated a shortening in the QD photoluminescent decay when the excitation wavelength was 
on resonance with that of the plasmon resonance of the Au NPs. We attribute our findings to 
various factors, such as multiexciton emission, energy transfer between the QDs and Au NPs, and 
sample inhomogeneity.  
 Chapter Four focuses on how the nonradiative energy transfer between colloidal QDs and 
bacteriorhodopsin (BR) governs the modulation of specific photointermeditate lifetimes of the BR 
photocycle. Photoactivation of this protein initiates a photocycle that results in the generation of 
spectrally distinct photointermediates—K, L, M, N, O, and bR states. Previous studies have 
examined the photochromic nature of the M/bR photointermediates, which has inspired the 
genesis of real-time holographic associative processors that function similar to the human brain. 
Various biological and chemical methods have been employed to elongate the M 
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photointermediate for these devices, however an alternative approach was taken in this work, in 
which a tunability of the M and bR state lifetimes was demonstrated through excitonic coupling 
between CdSe/CdS QDs and the BR mutant, A103C. We conclude that the modulation in the M 
and bR photointermediate lifetimes was the result of both photochemical and physical means.   
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Chapter Two. 
Optical Features of Hybrid Molecular/Biological-Quantum Dot Systems 
Governed by Energy Transfer Processes  
Reprinted and modified with permission from: T. J. Wax, J. Zhao. Journal of Materials Chemistry 
C 2019, Manuscript Under Review. Copyright 2019 Royal Society of Chemistry.  
 
2.1 Abstract 
Energy transfer processes are continually being explored in both molecular and biological 
systems that are coupled to colloidal quantum dots (QDs). Quantum dots display unique size and 
composition dependent photophysical properties. The conjoining of QDs with various molecular 
and biological components has led to the development of a range of hybrid materials for energy-
related applications. These hybrid systems vary in complexity from those composed of QDs and 
dyes to that of intricate assemblies of QDs with different proteins and light-harvesting complexes. 
The optical profiles of these systems such as absorption, emission, and fluorescence lifetime are 
often influenced by energy transfer processes. In this Review, we discuss the evolving field of 
molecular/biological-QD systems and enumerate on the interesting optical features these systems 
exhibit due to energy transfer. We also provide our perspective on the challenges and future 
directions that are worthy of investigation in this field.    
2.2 Introduction 
The field of nanotechnology encompasses various aspects of material science research, 
such as exploring the interface between inorganic nanomaterial components with that of molecular 
and biological systems. These hybrid systems have been extensively studied in a plethora of 
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applications, including solar cells,1 light emitting devices,2, 3 bio-imaging probes,4 and sensors.5, 6 
Specifically, meteoric advancements have been made in the field of energy conversion and storage 
using hybrid nanosystems. One such inorganic nanomaterial of these hybrid systems is colloidal 
quantum dots (QDs). Colloidal QDs are nanoscale semiconductor crystals that exhibit multiple 
advantageous optical properties over that of the traditionally used organic fluorophores, such as 
broad absorption, narrow emission, and high photostability. In addition, the absorption and 
emission spectra of QDs can be conveniently tuned by changing their size and composition in the 
synthesis. When conjugated with molecular and biological components, the optical properties of 
the QD-based hybrid nanomaterials can be further adjusted for energy applications.7-10 In addition 
to these applications, interest has also been placed on fundamental processes that modulate the 
optical properties of the hybrid systems, such as energy transfer mechanisms.11-13 To optimize 
energy transfer in these systems for desired applications, it is paramount to understand how energy 
transfer in hybrid systems influences the physical characteristics of the single elements, such as 
the absorption and photoluminescent properties of QDs. Furthermore, it is well-known that QDs 
can also transfer electrons to nearby electron acceptors with good efficiency, making them 
promising catalysts for photochemistry. Although this type of work is beyond the scope of this 
Review, we encourage the readers to peruse the recently published Viewpoint from the Weiss 
group on the prospects of integrating QDs as photocatalysts in light-driven devices.14 We have 
included additional references therein for readers interested in learning more on this topic.15-18     
The evolution of the bio-nanotechnology field has resulted in a growing interest to explore 
the interaction between QDs and various organic and biological materials. The organic 
components in these hybrid assemblies can range from small molecules to proteins. QD-
molecule/protein systems are promising platforms for biological sensing and imaging, which has 
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been discussed previously.19-23 There has also been a number of comprehensive reviews that have 
concentrated on how the physical properties (i.e., size, distance, shape, or ligand encapsulation) of 
QDs influence energy transfer within a molecular system.17, 24, 25 Unlike in previous reviews, this 
Review focuses on the optical properties and energy transfer processes in QD-based hybrid 
nanostructures with potential applications in an energy-related field. The importance of energy 
transfer-related studies stems from an interest in emulating the process of photosynthesis. Sunlight 
provides the most abundant source of energy for earth leading many researchers to investigate how 
to efficiently harvest solar energy. The natural conversion of solar energy to promote various 
biological processes is strongly contingent upon the electronic energy transfer from excited donor 
to acceptor molecules that exist in nature.26 Hence, a greater understanding of these systems is 
crucial to improve upon photon capture and energy transfer in hybrid QD/molecular assemblies 
for potential use in biomimetic applications.  
In this Review, we first provide an overview of the Förster resonance energy transfer 
(FRET), Dexter energy transfer (DET) and triplet-triplet energy transfer (TTET) mechanisms. 
Second, we concentrate on the coupling between QDs and small molecules, such as J-aggregates 
and organic dyes, and examine energy transfer processes in these systems. Third, we explore more 
sophisticated QD heterostructures, in which either light harvesting complexes or proteins are 
anchored to the QDs. In the final section of this Review, we offer our insight into future directions 
on energy transfer studies and in designing QD/protein systems.  
2.3  Energy Transfer Processes in Heteronanostructures  
The coupling of QDs within various molecular and biological contexts results in the change 
of the optical properties of QDs and the molecules via different energy transfer mechanisms. The 
most comprehensively investigated energy transfer process to date is Förster resonance energy 
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transfer, or FRET. There has been a myriad of QD-based FRET studies in which QDs have been 
paired with fluorescent dyes, proteins, enzymes, etc., reported in the literature.27-31  Although the 
FRET mechanism has played a pivotal role in governing the optical properties of complexed QD 
heteroassemblies, the prospect of energy transfer via electron exchange occurring in these systems 
should not be overlooked. In particular, electron exchange via the Dexter energy transfer (DET) 
process has been observed between QDs coupled to small molecules, such as ruthenium, ferrocene, 
quinones, etc.32-34 Unlike FRET-based applications that are strongly dependent on quantitative 
optical features (i.e., overlap of absorption and emission spectra of the donor and acceptor 
molecules),35-37 DET is contingent on more nuanced factors, such as energy level alignment and 
the surface properties of the individual components. The following sub-sections of this Review 
provide a foundation for the FRET and DET mechanisms, in addition to introducing the processes 
of nanometal surface energy transfer (NSET) and triplet-triplet energy transfer (TTET). 
2.3.1  Förster Resonance Energy Transfer  
 Förster resonance energy transfer (FRET) was discovered over 100 years ago by Theodor 
Förster.38, 39 FRET is a distance-dependent event that entails a nonradiative energy transfer process 
between an excited fluorophore (donor) and another molecule (acceptor) via a long-range dipole-
dipole coupling. In order for FRET to occur between two species, certain guidelines must be 
fulfilled. The FRET rate (kFRET), or the probability of FRET to occur between a donor and an 
acceptor over time, is defined by Equation 2.1  
𝑘𝐹𝑅𝐸𝑇 = 𝜏𝐷
−1 (
𝑅0
𝑟
)
6
                                                                  (2.1) 
where 𝜏𝐷
−1  is the inverse of the photoluminescence lifetime of the donor without the influence of 
FRET, R0 is the Förster distance, and r is the distance between the donor and acceptor molecules. 
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In order for FRET to occur, the proximity between the donor and acceptor molecules should vary 
between 10 – 100 Å. Furthermore, the efficiency of FRET (EFRET) is dependent upon the inverse 
sixth-distance between the donor and acceptor as shown in Equation 2.2.  
𝐸𝐹𝑅𝐸𝑇 =
𝑅0
6
𝑅0
6+𝑟6
                                                                        (2.2) 
Concomitant with the distance-dependent nature of FRET, optimal spectral overlap between the 
acceptor absorption and donor emission spectra is crucial to achieve high FRET efficiencies in 
hybrid systems, which determines R0. The Förster distance, R0, is defined by Equation 2.3 and is 
the distance at which the excited state donor transfers 50% of its energy to the accepting molecule 
or emits 50% fluorescence.  
𝑅0(𝐹𝑅𝐸𝑇) = 0.02108[𝑛
−4𝛷𝑑𝜅
2𝐽]1/6                                                       (2.3) 
In Equation 2.3, n is the refractive index of the sample, Φd is the quantum yield of the donor 
molecule, κ2 is the orientation factor for the transition dipoles, and J is the overlap integral. 
Moreover, since FRET is dependent upon dipole coupling, the transition dipole orientations of the 
donor and acceptor must be approximately parallel to one another in order for FRET to occur 
within a system. 
2.3.2  Nanometal Surface Energy Transfer  
In classical FRET systems, the average orientation factor (κ2) is considered to be  
2
3
  for 
randomly oriented transition dipoles.40, 41 The orientation factor of 
2
3
 can be used in QD-based 
systems when the synthesized QDs are perfectly spherical, meaning that symmetric QDs exhibit 
isotropic transition dipoles.42, 43 However, the alignment of transition dipoles in hybrid QD 
assemblies is often complexed due to the anisotropic nature of the transition dipoles when 
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synthesized QDs are aspherical in shape. Hence, the equations related to FRET cannot always be 
applied when investigating energy transfer in QD heteroassemblies. Moreover, studies have 
unveiled that, for QD/nanoparticle (NP) systems, the rate of FRET does not always follow the d-6 
distance-dependent relationship between the donor-acceptor pair. For example, Li and coworkers 
demonstrated a d-4 distance dependence quenching of QD photoluminescence when QDs were 
coupled to ~3 nm gold (Au) NPs.44 Unlike the FRET formalism that entails a resonant coupling 
between donor and acceptor, this QD photoluminescence quenching was ascribed to the interaction 
of oscillating dipoles near the Au surface as a result of nanometal surface energy transfer, or NSET.  
The NSET mechanism details a long-range, distance-dependent relationship between QDs 
and metal NPs similar to FRET, however NSET accounts for the coupling of dipoles located near 
a metallic surface. In other words, the QD is treated as a transition point dipole, while a smaller 
sized Au NP (~3 nm) is considered as an infinite metal surface. The NSET study conducted by Li 
et al. demonstrated a size-dependent energy transfer relationship between QDs and Au NPs. 
CdSe/ZnS QDs were coupled to Au NPs that were either 3, 15, or 80 nm in diameter. Their findings 
indicated that QDs anchored to the 15 or 80 nm Au NPs followed FRET, while the energy transfer 
between QDs and 3 nm Au NPs was due to NSET. Energy transfer based on the NSET formalism 
has also been investigated over longer intermolecular distances (R0 ≥ 50 nm). As opposed to 
conventional FRET systems in which R0 is within 2 – 6 nm, the NSET mechanism can be applied 
as a long-range spectroscopic ruler between a donor and an acceptor.45, 46 Work conducted by 
Samanta and coworkers47 observed NSET-like energy transfer between Au NPs and CdTe/CdS 
QDs  self-assembled on DNA scaffolds. By modulating the distance between the Au NPs and QDs 
from 15 to 70 nm on the DNA, a long-range quenching in the QD emission was observed, thus 
demonstrating the potential of the NSET mechanism as a spectroscopic ruler technique.  
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2.3.3  Dexter Energy Transfer  
 Dexter energy transfer (DET) was first theoretically proposed by D. L. Dexter in 1953.48 
Unlike FRET, DET is a short-range energy transfer event that involves the nonradiative exchange 
of an electron from the excited state donor to the ground state acceptor molecule and is strongly 
dependent on the energy level alignment of the donor/acceptor pair. Figure 2.1 illustrates the 
difference between the FRET and DET processes.49  
 
Figure 2.1 Illustration depicts Förster resonance energy transfer (FRET) and Dexter energy transfer (DET) 
that can occur between donor and acceptor pairs. The top image shows the photoexcitation of a ground state 
donor resulting in either FRET or DET to an acceptor molecule that is in the ground state. The bottom 
schemes illustrate energy transfer via electronic transitions following FRET or DET leading to the creation 
of a ground state donor and an excited state acceptor. Adapted with permission from ref. 49. Copyright 
2016 Royal Society of Chemistry.    
Equation 2.4 shows the rate constant of DET (kDET) and demonstrates how there is an 
exponential decay between the donor and acceptor at distances longer than 1 nm.  
𝑘𝐷𝐸𝑇 = 𝐾𝐽𝑒
(
−2𝑅𝐷𝐴
𝐿
)
                                                               (2.4) 
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In the equation shown above, K is defined as the experimental factor, J is the overlap integral, RDA 
is the donor-acceptor distance, and L is the sum of the van der Waals radii for the donor and 
acceptor molecules. For the exchange of an electron to occur within a donor/acceptor system, the 
wave functions of the separate components need to overlap. Hence, DET strongly depends on the 
close association between the donor and acceptor molecules at distances around 1 nm. In other 
words, the conduction band of the inorganic, semiconducting nanocomponent must interact with 
the LUMO of the organic molecule for electron exchange to occur via the Dexter mechanism in 
hybrid assemblies. Due to the short distance between donor and acceptor pairs, DET-based studies 
often concentrate on QDs coupled to small molecular systems, such as polymers or dyes, that result 
in either a quenching or enhancement in QD photoluminescence. This quenching or enhancement 
of the QD emission can be monitored using steady-state and time-resolved photoluminescence, in 
addition to femtosecond transient absorption spectroscopy.50 The close coupling (~1 nm) between 
the donor and acceptor molecules via orbital interactions results in faster timescales observed for 
DET than FRET. Thus, the two mechanisms can be differentiated by examining the spectra and 
kinetics traces from transient absorption (TA) spectroscopy. The efficiency of either DET or FRET 
was found to be dependent upon the size of the QD which in turn determined both the distance 
between the donor and acceptor.17, 50 Not only has QD size been paramount in controlling the 
donor/acceptor spacing in these hybrid assemblies, ligands functionalized on the QD surface have 
also been reported to impact the rate of Dexter-like energy transfer in such systems.51 In the 
following section, we further delineate on the process of triplet-triplet energy transfer (TTET) via 
the Dexter mechanism.  
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2.3.4  Triplet-Triplet Energy Transfer Mediated by Quantum Dots  
One recent exciting application of QDs is the coupling of excitons in QDs and the triplet 
excited states of organic molecules via triplet-triplet energy transfer (TTET). Molecular triplet 
excited states are characterized by two electrons with parallel spins, which have long lifetimes of 
micro, milli, or even seconds. The long lifetime allows them to transfer electrons to facilitate many 
photochemical reactions. However, these triplet states are optically forbidden and cannot be 
directly photoexcited from the molecular ground state. Hence, a photosensitizer is desired in order 
to absorb a photon into a singlet state and convert the energy into a triplet state.  
Emerging examples of photosensitizers include metal-organic complexes or 
semiconducting QDs. When metal-organic complexes are utilized as photosensitizers, intersystem 
crossing enables energy transfer from singlet to triplet states. However, high exchange splitting 
between the singlet and triplet states of this photosensitizer generates a significant amount of 
energy loss.52 On the other hand, there is minimal energy loss when QDs are used as 
photosensitizers to interconvert a singlet to triplet state. Strong spin-orbit coupling in the QD leads 
to an exciton that experiences an accelerated spin dephasing and exhibits both singlet and triplet 
character.53 As shown in Figure 2.2, a spin-allowed energy transfer is possible between the “triplet” 
QD exciton and the triplet state of the molecular acceptor.54 The creation of two molecular triplet 
states in the acceptor can result in the termination of these two states yielding a higher energy 
molecular singlet state. The termination of these two triplet states is referred to as triplet-triplet 
annihilation resulting in the emission of a higher energy photon. By modifying the molecular 
structure of the acceptor or QD size or shape, it is possible to modulate TTET to generate either 
an upconversion or a downconversion in photons, which will be further discussed in the following 
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sub-sections. The ability to up- or down- convert photons is highly advantageous in optoelectronic 
applications.55, 56  
 
Figure 2.2 Diagram depicts the triplet-triplet annihilation process that occurs between a QD photosensitizer 
and an acceptor molecule leading to photon upconversion. Photoexcitation of the QD sensitizer leads to 
excitation from the ground state (GS) to an excited singlet state (1ES*) in the QD. As a result of strong spin-
orbit coupling in the QD, the exciton experiences spin dephasing and displays both singlet and triplet 
character. A spin-allowed energy transfer is possible between the “triplet” QD exciton and a triplet state of 
the acceptor (3A*). The excited triplet states of the acceptor can then terminate into a higher energy singlet 
state (1A*) via triplet-triplet annihilation ([A---A]*), resulting in the emission of a photon with higher 
energy than the incident photon. Adapted with permission from ref. 54. Copyright 2010 Elsevier. 
2.4  Optical Features of Hybrid Quantum Dot/Molecular Systems  
Hybrid nanosystems composed of QD and small molecules have been explored for energy-
related device applications (i.e., solar cells, light-emitting diodes, etc.) due to the tunability in their 
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optoelectronic properties by joining QDs with small moleulces.13, 57-60 Specifically, there has been 
a growing interest to study the competing energy transfer processes such as FRET and DET in 
these systems which influence the optical properties of the heteroassemblies. In this section, we 
focus our attention on the infrared (IR) dye, squaraine, and J-aggregates coupled to QDs.  
2.4.1  Förster Resonance Energy Transfer vs. Dexter Energy Transfer in Quantum 
Dot/Squaraine Coupled Systems   
Although QDs possess a multitude of favorable properties for solar light harvesting 
applications,7, 61, 62 one major drawback of the commonly used CdSe/ZnS (core/shell) QDs is that 
they do not absorb light in the IR region of the electromagnetic spectrum. Although advancements 
have been made in the fabrication of colloidal QDs that can absorb and emit light in the IR 
region,63-66 it is convenient to broaden the absorption of the most well-developed CdSe-based QDs 
by coupling them with IR-absorbing dyes.67, 68 Such examples have been demonstrated by Choi 
and coworkers, in which a dye from the squaraine (SQSH) family was covalently linked to CdSe 
QDs and titanium dioxide (TiO2) nanoparticles.
50, 59, 68  
Interest has been concentrated on squaraine dyes due to their strong absorption in the near-
infrared (NIR) region of the electromagnetic spectrum and high molar extinction coefficients.69, 70 
The SQSH molecule (molecular structure shown in Figure 2.3A) played a dual role in these hybrid 
systems, in which the dye acted as a bridge between the QDs and TiO2 film and as a NIR absorber. 
A stepwise synthesis was executed to create the NIR SQSH linker with a HS-R-COOH 
configuration that displayed similar functionalities to 3-mercaptopropionic acid (3-MPA).59  The 
SQSH linker connected CdSe QDs to a TiO2 film for the potential use of this hybrid assembly to 
be employed in a solar cell design. In this study, the SQSH molecule first acted as a FRET acceptor 
to the CdSe QD and then as an electron injector into the TiO2 film. The results indicated a 
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successful energy/electron transfer from the CdSe QDs to the TiO2 film mediated by the SQSH 
linker. Moreover, the power conversion efficiency was recorded to be 3.65% for the hybrid solar 
cell design. Hoffman and coworkers expanded upon these previous findings to gain further insight 
into the energy transfer processes between QDs and the SQSH linker. In a later work, equimolar 
amounts of QDs and the SQSH molecules were mixed together resulting in a broadened absorption 
of the assembled system from the visible to the NIR region of the electromagnetic spectrum. 
Furthermore, upon photoexcitation at 440 nm, a decrease in the QD photoluminescence, 
concomitant with an increase in the SQSH emission, was observed (Figure 2.3C) due to FRET 
from the QDs to SQSH.  
In addition to FRET, the possibility of DET in the QD/SQSH system was also 
investigated.50 Steady-state photoluminescence and femtosecond TA spectroscopy were utilized 
to differentiate between the FRET and DET mechanisms. Efforts were devoted to understanding 
how DET competes with FRET and how the QD size determines the occurrence of either DET or 
FRET. The diameters of the QDs studied ranged from 3 – 5 nm, and the SQSH dye was covalently 
attached to the QD by thiol linkages (Figure 2.3A). The results demonstrated that the QD diameter 
did dictate which energy transfer mechanism would dominate. The TA spectroscopy experiments 
revealed that energy transfer on the ultrafast timescale decreased upon increasing the diameter of 
the QD donor. It was concluded that the ultrafast photoluminescence quenching (~200 ps) was the 
result of energy transfer via DET, whereas slower photoluminescence quenching (~1 ns) was due 
to FRET for QDs that had a ~3 nm diameter. As illustrated in the energy level diagrams of Figure 
2.4B, DET was the principal energy transfer pathway for smaller sized QD (i.e., 2.7 and 2.9 nm) 
as a result of greater orbital interactions between the individual QD and SQSH dye. However, as 
the diameter of the QD increased, DET was less influential due to smaller energy level overlap 
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between the conduction band of the QD and the LUMO of SQSH. Nevertheless, the prospect of 
DET as a leading energy transfer mechanism over FRET should not be overlooked, in particular 
for light-harvesting systems, and future studies are needed to corroborate this idea.71   
 
 
 
 
 
 
Figure 2.3 (A) Schematic illustrating the sulfur from the thiol group of the squaraine (SQSH) dye binding 
to the CdSe QD. (B) Absorbance and (C) Photoluminescence spectra of (a) 4.3 nm CdSe QDs, (b) Mixture 
of 4.3 nm CdSe QDs with SQSH in equimolar amounts, and (c) SQSH in toluene. Reprinted with permission 
from ref. 50. Copyright 2014 American Chemical Society. 
 
Figure 2.4 (A) Normalized absorption spectrum of squaraine (SQSH) dye and normalized emission spectra 
of different size CdSe QDs. (B) Energy level diagram of QDs and SQSH dye. As the diameter of the QD 
is decreased, there is greater energy band alignment between the QD and HOMO and LUMO of SQSH, 
leading to Dexter energy transfer (DET) dominating the system. (C) Diagram demonstrates the difference 
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between FRET and DET in the QD/SQSH system. Reprinted with permission from ref. 50. Copyright 2014 
American Chemical Society. 
2.4.2  Enhanced Optical Features and Energy Transfer of Quantum Dot/J-aggregate Coupled 
Systems   
J-aggregates of dyes are ordered supramolecular systems that exhibit interesting optical 
properties for photoelectric applications.72-74 These unique optical features include a large 
oscillator strength, small Stokes shift, and sharply narrow absorption band. Additionally, 
photoexcitation of J-aggregate systems yields chromophore coupling and the delocalization of 
excitation energy within the aggregates, which has been extensively studied in the literature.75-79 
Due to the impressive optical features of J-aggregates, many have coupled these structures with 
QDs to investigate the viability of energy transfer in a hybrid QD/J-aggregate system. When J-
aggregates are conjugated to QDs, they can act as antennas to strongly absorb light in a specific 
wavelength range due to their large absorption cross-sections. The energy can then be transferred 
to QDs resulting in light emission in low-intensity or diffuse lighting. Therefore, such hybrid 
QD/J-aggregate system will have higher light utilization efficiency than isolated QDs. Earlier 
studies conducted by Walker et al. integrated thiacyanine J-aggregates with CdSe/ZnCdS QDs 
both in solution and on spin-casted films.80, 81 These studies highlighted an enhanced light 
absorption and an increase in the QD photoluminescence as shown in Figure 2.5. Furthermore, 
high energy transfer efficiencies (~90%) were reported from both works, demonstrating how 
thiacyanine J-aggregates act as effective light harvesting antennas in these hybrid assemblies.  
More recent works have investigated the utilization of J-aggregates to enhance the NIR 
absorption of PbS QDs. There has been a burgeoning interest in Pb-based QDs due to the strong 
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absorption and high emission of Pb-based QDs in the NIR region of the electromagnetic spectrum, 
leading to the possibility of Pb-based QDs in solar applications. As previously explained, QDs 
possess many unique photophysical characteristics. One such intriguing photophysical property of 
QDs, in particular of PbS QDs, is the capability of QDs to downconvert incident photons to many 
lower-energy photons, resulting in photon downconversion.82 The process of photon 
downconversion is highly advantageous for signal or photocurrent amplification in QD-based 
sensors or photovoltaics, respectively. However, fast Auger recombination of excitons in the QDs 
competes with photon downconversion and makes it challenging to make use of the NIR excitons. 
To circumvent the possibility of Auger recombination in QD systems, molecular J-aggregates have 
been incorporated into QD assemblies for fast extraction of NIR excitons from the PbS QDs to the 
J-aggregates via FRET. Wang and coworkers successfully demonstrated sub-nanosecond energy 
transfer  from PbS QD donors to the J-aggregate cyanine dye acceptor, IR-140-Cy+, in colloidal 
solutions.83 The fastest exciton extraction was recorded to be ~90 ps and found to be potentially 
competitive with the Auger recombination process. To expand upon their QD/J-aggregate work, 
Wang et al. explored the possibility of a J-aggregate acting as a molecular bridge between the 
donor and acceptor QDs to further accelerate the transfer of NIR excitons.84  
 
 
 
 
Figure 2.5 (A) An enhanced absorption of CdSe/ZnCdS QDs is observed when the QD is coupled to                 
J-aggregates. (B) The coupling of QDs with J-aggregates results in an increase in the QD emission. 
Reprinted with permission from ref. 80. Copyright 2010 American Chemical Society.  
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Their work published in 2017 demonstrated the potential of relayed energy transfer in 
composite films, in which a J-aggregate layer of the cyanine dye, IR-140-Cy-, was sandwiched 
between layers of PbS/CdS QDs that acted as donor (DQD) and acceptor (AQD) QDs within the 
system as shown in Figure 2.6. The donor and acceptor QDs were rendered positively charged by 
encapsulating the QDs in the molecule, 2-aminoethanethiol (AET). A layer by layer protocol (LbL) 
was implemented to design the QD/J-aggregate composite film. The initial step of the LbL 
procedure entailed coating the glass substrate with solutions of poly(diallyldimethylammonium) 
chloride (PDDA) and poly(sodium 4-styrenesulfonate) (PSS). Subsequent steps of the LbL method 
involved immersing the substrate in a solution of the DQDs, an IR-140-Cy- solution, and a solution 
of AQDs. Transient absorption (TA) spectroscopy was utilized to monitor the energy transfer 
within the QD/J-aggregate/QD film. Unlike previous PbS QD studies which reported energy 
transfer within a few nanoseconds between donor and acceptor QDs,85-88 a sub-nanosecond transfer 
of NIR excitons was achieved from the QD donor to QD acceptor, because of the J-aggregate 
linker resulting in a relayed FRET assembly. Specifically, a 20-fold increase in the energy transfer 
efficiency was observed for the QD/J-aggregate/QD assembly compared to isolated QD systems. 
Accelerating the extraction of excitons from QDs is highly desired for applications that are 
contingent on ultrafast charge separation for optimal device performance.    
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Figure 2.6 Scheme demonstrates the sandwiched structure of the QD/J-aggregate/QD film. Donor (DQD) 
and acceptor (AQD) PbS/CdS QDs were first coated in 2-aminoethanethiol (AET) rendering the QDs with 
a positively charged surface. The glass substrate was initially immersed in the polymers, 
poly(diallyldimethylammonium) chloride (PDDA) and poly(sodium 4-styrenesulfonate) (PSS). The films 
were created via a layer by layer (LbL) method in which the positively charged PbS/CdS QDs 
electrostatically interacted with the negatively charged J-aggregate of the cyanine dye, IR-140-Cy-. 
Findings demonstrated an acceleration in NIR exciton movement from DQD to AQD via the J-aggregate 
bridge compared to previous works focused on direct energy transfer between QDs. Reprinted with 
permission from ref. 84. Copyright 2017 American Chemical Society.   
Others have also demonstrated the ability of J-aggregates to act as light-harvesting 
antennas in QD/J-aggregate assemblies. One study conducted by Freyria et al. explored the 
interaction between self-assembled molecular J-aggregates from the cyanine dye, C8S3, that were 
mixed in a colloidal solution of IR-emitting PbS QDs.89 The QD/J-aggregate assemblies were also 
prepared in solid matrices in the same work. Despite no direct conjugation between the J-
aggregates to QDs, an enhancement was still observed in the QD emission for both liquid and solid 
media. This enhancement in QD emission was attributed to efficient funneling of excitons by the 
J-aggregates, resulting in the observed “antenna” effect.    
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2.4.3  Triplet-Triplet Energy Transfer via the Dexter Mechanism in Quantum Dot/Molecular 
Assemblies 
Recent work performed on TTET in QDs coupled to various molecules in the acene family 
highlights the prominence of the Dexter mechanism.90, 91 One such study conducted by Tabachnyk 
et al.90 demonstrated TTET from the molecule, pentacene, to PbSe QDs in organic semiconducting 
films. The molecular triplet excitons of pentacene were produced upon singlet exciton fission and 
transferred to PbSe QDs at the bilayer interface of the film. The transfer of the triplet excitons of 
pentacene to QDs was probed using ultrafast absorption spectroscopy and was discovered to occur 
on a sub-picosecond timescale. Moreover, Tabachnyk and coworkers investigated the effect of 
tuning the band gap of the PbSe QD on TTET and found that the most efficient TTET occurred 
when the QD band gap was close in energy to the triplet energy of pentacene. The work conducted 
by Tabachnyk et al. illuminates on the necessity of orbital overlap between the donor and acceptor 
for efficient TTET.  
Alternative studies have explored the roles of visible and IR-emitting QDs as triplet 
sensitizers in molecular QD systems. As mentioned above, triplet excited states of organic 
molecules are desired in many photochemical reactions, but the formation of the triplet excited 
state is often inefficient because direct excitation from a singlet ground state to a triplet state is 
forbidden by the spin-selection rules. The TTET process from QDs to molecular triplet states 
provides an efficient alternative to generate molecular triplets. Due to the ill-defined spin character 
of QDs,92 the triplet exciton energy of QDs cannot be directly transferred to the molecular triplets. 
The pioneering work by the Castellano group93 demonstrated that triplet excitons from QDs can 
be extracted by two types of triplet acceptor molecules that are anchored onto the QD surface. The 
TTET mechanism in this system was evident by the correlation between the decay of the exciton 
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in the CdSe QDs and the growth of the triplet state of the acceptor molecule using ultrafast TA 
spectroscopy. The quantum efficiency of TTET in the system was reported to be higher than 90%.  
Nuanced factors can also play a critical role in mediating the rate of TTET in hybrid QD-
molecular systems. For example, the impact of ligand length on TTET was investigated by 
Nienhaus and coworkers,51 in which carboxylic acid ligands acted as spacers between PbS QDs 
and rubrene molecules in a bilayered film. The rubrene layer was doped with the emitter molecule, 
dibenzotetraphenylperiflanthene (DBP), to enhance the emission of the rubrene film. 
Photoexcitation of the QDs sensitized the triplets in rubrene, resulting in triplet-triplet annihilation 
and the creation of singlet states in the rubrene layer. They demonstrated that the termination of 
these two triplets yielded photon upconversion in their solid-state structure and reported an 
increase in the upconversion efficiency compared to previous studies.94 By decreasing the length 
of the ligands passivated onto the QD surface, Nienhaus et al. discovered that the rate of triplet 
energy transfer (𝑘𝑇𝐸𝑇) was dependent upon the effective dielectric constant of the bilayered 
structure.  As shown in Figure 2.7, it was found that the TET time (𝜏𝑇𝐸𝑇 , 𝑘𝑇𝐸𝑇 =
1
𝜏𝑇𝐸𝑇
) asymptotes 
at 𝜏𝑇𝐸𝑇 ≈ 100 ns when the QD shell thickness was ≤ 10 Å. Hence, the extracted TET rate 𝑘𝑇𝐸𝑇 for 
QDs functionalized with shorter ligands was slower than what was previously reported in the 
literature.90, 93 Furthermore, a direct exponential relation was expected between 𝑘𝑇𝐸𝑇 and the 
donor-acceptor spacing (LC) as can be determined using Equation 2.5.  
𝑘𝑇𝐸𝑇 ~ |𝑉|
2𝑒−2𝐿𝐶 𝐿𝑇𝐸𝑇⁄                                          (2.5) 
Equation 2.5 demonstrates how the triplet energy transfer rate (𝑘𝑇𝐸𝑇) is related to the 
electronic coupling between the donor and acceptor (V), in addition to the ligand shell thickness 
(LC) and the characteristic TET length (LTET). Tuning the ligand length not only impacted the 
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spacing between neighboring QDs and the QD/rubrene film interface, but also increased the 
number of QDs in the QD monolayer, resulting in an increase in the dielectric screening of the 
excitons. The combination of the high dielectric constant (ɛ) of PbS QDs95 with the lower dielectric 
constants of the ligands yielded a greater change in the effective medium dielectric constant. Since 
the electronic coupling constant (V) in Equation 2.5 is inversely proportional to the medium 
dielectric constant (𝑉 ~ 
1
𝜀
),48, 96 this would mean that 𝑘𝑇𝐸𝑇 is also inversely related to the dielectric 
constant of the medium. Thus, the slower rate of TTET (𝑘𝑇𝐸𝑇) was attributed to an increase in the 
dielectric constant of the film as a result of a greater volume of PbS QDs (shell thickness ≤ 10 Å) 
in the QD layer. In order to obtain the expected exponential relationship between 𝑘𝑇𝐸𝑇 and LC 
(Equation 2.5), a separate equation was used to normalize 𝑘𝑇𝐸𝑇 so that it was independent of the 
effective medium dielectric constants. By normalizing 𝑘𝑇𝐸𝑇, the anticipated exponential trend 
between 𝑘𝑇𝐸𝑇  and the donor-acceptor spacing (LC) was achieved in this study.  
 
 
 
 
 
Figure 2.7 The triplet energy transfer times (𝜏𝑇𝐸𝑇) plotted as a function of the donor-acceptor spacing (LC) 
between the PbS QDs and rubrene molecules. The aliphatic ligands functionalized on the QD surface were 
varied from longer ligands (i.e., oleic acid, OA, and stearic acid, 18C) to shorter ligands (i.e., hexanoic acid, 
6C). “18C” and “6C” refers to the number of carbon atoms in the ligand chains. The green dashed line 
denotes the anticipated exponential relationship between that of 𝜏𝑇𝐸𝑇 and the ligand shell thickness (LC) 
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and characteristic TET length (LTET). The gray line represents the experimental discrepancy from the 
theoretical result, in which the 𝜏𝑇𝐸𝑇 saturates at ~100 ns when the QD shell thickness is ≤ 10 Å. Reprinted 
with permission from ref. 51. Copyright 2017 American Chemical Society.   
A parallel study conducted by Bender et al.97 concentrated on how the creation of surface 
sites upon the attachment of TIPS-pentacene (2-CP) on PbS QDs impacted TTET in QD-acene 
heterostructures. Upon absorption of IR photons, excitons generated in the PbS QDs were 
transferred to the covalently linked molecules, resulting in the creation of triplet excitons. The 
formation of these triplet excitons was monitored with TA spectroscopy as shown in the TA spectra 
in Figures 2.8A and 2.8B.  Spectral signatures illustrated the generation of triplet excitons by a 
positive absorbance band at ~525 nm as previously shown in the literature.98, 99 Figure 2.8A 
demonstrates the progression of the 2-CP:PbS QD TA spectrum at increasing pump-probe time 
delays. The photobleached feature at 715 nm decays to baseline, while an induced absorption band 
emerges at ~535 nm over longer time delays. Moreover, additional photobleached signals are 
apparent at ~607 and ~657 nm. Comparisons were then made between the 2-CP triplet state 
spectrum obtained from photosensitization measurements and the extracted TA spectral feature at 
~535 nm taken from the 2-CP:PbS QD sample (Figure 2.8B). It was determined that excitation of 
the PbS QDs yielded 2-CP triplet excitons as evidenced by the good agreement between the two 
TA spectra. Based on their findings, Bender et al. concluded that these triplet excitons were created 
via a kinetic intermediate that was comprised of a concerted hole and electron transfer event from 
the QDs to 2-CP molecules. The surface states formed due to the covalent attachment of 2-CP 
localized excitations within the heteroassembly, ultimately slowing the TTET process. In order to 
expedite the production of triplet excitons, Bender and coworkers suggested that improvements 
must be made to QD surface passivation methods to eliminate surface states from mediating TTET.   
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Figure 2.8 (A) Transient absorption (TA) spectra collected at different pump-probe time delays for TIPS-
pentacene (2-CP) and PbS QD samples. Arrows indicate the formation and decay of absorption bands. (B) 
The black dashed line represents the TA spectrum of the 2-CP triplet excitons, which was obtained from 
solution phase sensitization studies. The red solid line signifies an extracted spectral feature from the TA 
spectrum of 2-CP:PbS QDs taken at ~200 ns. Since the lineshapes appear almost identical between the two 
spectra, it was concluded that excitation of the 2-CP:PbS QD system generated 2-CP triplet excitons. 
Reprinted with permission from ref. 97. Copyright 2018 American Chemical Society.       
2.5 Quantum Dot as Energy Donor or Acceptor in Hybrid Biological Systems  
Complexed nanosystems have been developed that mimic similar functions to those found 
in nature. Both plants and bacteria possess light harvesting components, such as chlorophylls and 
carotenoids, that have been conjugated with QDs to create intricate nanosystems for solar energy 
conversion. Compared to historically used organic fluorophores, QDs are capable of capturing 
light over a wider spectral range, leading to an overall enhancement in the light energy conversion 
of a hybrid QD assembly that would be ideal for an artificial antenna system. The focus of this 
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section concentrates on the role of QD as either a donor or acceptor in advanced hybrid structures. 
These systems incorporate biological materials ranging from light harvesting complexes (i.e., 
LHCII) to the photochromic protein, bacteriorhodopsin (BR).  
2.5.1  Light Harvesting Complex II as Potential Energy Donor to Quantum Dot  
 Light harvesting complex II (LHCII) is the most abundant light harvesting system found 
on earth. This complex is comprised of both proteins and chlorophyll a/b molecules that are affixed 
to the thylakoid membrane of higher plants and are associated with photosystem II. Moreover, 
LHCII demonstrates high photostability due to the carotenoids in the complex that prevent 
oxidation of the chlorophylls. Upon photoexcitation, energy is transferred from the core pigment 
(chlorophyll a) and antenna pigments (chlorophyll b, xanthophylls, and carotenoids) to the reaction 
center of the photosystem leading to photosynthesis. 
 Due to the broad range of light absorption by QDs, studies have focused on QDs as the 
donor molecule to enhance the absorption of the light harvesting complexes.9, 25, 100 However, work 
conducted by Werwie et al.101 demonstrated that the biological component of a hybrid system 
could also serve as an energy donor. In this study, CdTe/CdSe/ZnS QDs were electrostatically 
bound to the light harvesting complex, LHCII. Figure 2.9A displays the absorption features after 
assembling LHCII with QDs, that are different from the individual absorption spectra. To increase 
the nonradiative energy transfer efficiency between LHCII and QDs, QDs with an absorption 
spectrum that overlapped with the LHCII emission spectrum were chosen for this system. As 
illustrated in Figure 2.9B, there is a faster photoluminescence decay of the LHCII donor when it 
was coupled to the QDs.  
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Figure 2.9 (A) Absorption spectra of light harvesting complex II (LHCII) with and without QDs, 
respectively. (B) Photoluminescence decays of LHCII coupled to and without QDs. Reprinted with 
permission from ref. 101. Copyright 2012 American Chemical Society.   
Energy transfer via the FRET mechanism was quantitatively determined by calculating the 
areas under the donor (Aq) and acceptor (As) emission profiles. If a system displays FRET-like 
energy transfer, the decreased area under the quenched donor emission would be equivalent to the 
increased area under the sensitized emission spectrum of the acceptor. Thus, a ratiometric 
determination between 
𝐴𝑠
𝐴𝑞
 would be close to unity for a system that exhibits FRET. In this case, 
the calculated ratio of  
𝐴𝑠
𝐴𝑞
  for the QD/LHCII assembly was determined to be 1.1 indicative of a 
FRET-like energy transfer.   
An additional experiment was conducted that focused on enhancing the absorption cross-
section of the hybrid complex in the entire visible region. Previous work has shown the existence 
of a “green gap” in the visible region of the chlorophyll absorption spectrum.102 To circumvent 
this issue, dyes (i.e., the Alexa Fluor dyes) were adhered to LHCII to increase the light absorption 
of the complex.102-104 The hybrid LHCII/dye/QD system had a broader absorption range in the 
entire visible region, showing its potential as a biomimetic light harvester for photovoltaic 
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applications. However, further work is needed to improve upon the photostability of the hybrid 
complex before implementation of this system in commercial devices.  
2.5.2  Quantum Dot Energy Donor Demonstrates Enhanced Biological Function of Reaction 
Centers in Purple Bacteria 
Unlike the previous study which focused on the reaction center of photosystem II in green 
plants, other works have concentrated on QDs as the donor responsible for an enhancement in 
exciton generation in bacterial systems.25, 71, 105 In 2010, Nabiev et al.106 demonstrated a three-fold 
increase in exciton generation as a result of energy transfer from CdTe QDs to the reaction centers 
(RCs) in the well-studied purple bacteria, Rhodobacter sphaeroides (Rb. sphaeroides). Figure 
2.10A illustrates integral components of the RC extracted from the purple bacteria in the 
heteroassembly. The RC is comprised of two building blocks, one of which is an active site that is 
responsible for electron-hole separation and electron transfer. Both the active and inactive 
branches have one bacteriochlorophyll (BA or BB), one bacteriopheophytin (HA or HB), and one 
quinone (QA or QB) in each branch as shown in Figure 2.10A. A dimer of bacteriochlorophylls 
acts as a bridge between the two sites and is called P870 (Figure 2.10A). Initial light excitation of 
the RC results in electron-hole separation at P870 that channels an electron toward the quinone in 
the active branch. As shown in Figure 2.10B, the bacteriochlorophyll pair of P870 displays an 
emission peak at ~910 nm.  
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Figure 2.10 (A) A simplified illustration highlights the structure of the reaction center (RC) from 
Rhodobacter sphaeroides (Rb. sphaeroides) coupled to a QD. The reaction center is divided into an active 
(A) and inactive (B) branch. Electron-hole separation and transmembrane electron transfer occur at the 
active branch. The active and inactive branches are each comprised of one quinone (QA or QB), one 
bacteriochlorophyll (BChl, BA or BB), and one bacteriopheophytin (HA or HB). A dimer of BChl molecules 
(P870) acts as a bridge between the two branches and is responsible for charge separation at the active 
branch. The carotenoid of Rb. sphaeroides is located in the inactive branch and is labeled “Car” in the 
figure. (B) An enhancement in the emission of the bacteriochlorophyll dimer (P870) is apparent after 
coupling with QD nanocrystals. Reprinted with permission from ref. 106. Copyright 2010 John Wiley and 
Sons. 
Similar to the QD/LHCII study, the hybrid QD/RC assemblies were formed by electrostatic 
interactions. Unlike the previous mentioned LHCII work, here the QDs act as artificial light 
harvesting antennas that transfer energy to the RC acceptors. The QD photoluminescence was 
overlapped with the absorption spectra of the RC chromophores in order to achieve energy transfer 
via FRET within the assembly. Photoexcitation of the hybrid structure resulted in an enhancement 
in the emission of the RC due to an increase in the number of excitons created at the RC site. 
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Förster-type energy transfer was also confirmed by both time-resolved and steady-state 
photoluminescence experiments conducted on the QD/RC moieties at different molar ratios. The 
greatest photoluminescence enhancements were recorded for the smallest RC/QD molar ratios as 
a result of more QDs coupled to one RC site. This study by Nabiev and coworkers was one of the 
first to prove an efficient energy transfer between inorganic nanocrystals, acting as artificial light 
harvesters, and a sophisticated photosynthetic complex.106  
2.5.3 Tunability of Bacteriorhodopsin Photocycle Kinetics due to a Quantum Dot Energy 
Donor 
 Work conducted in our own group107 has explored the interaction between colloidal QDs 
and the photoactive protein, bacteriorhodopsin (BR). Upon light absorption of BR, a well-
characterized photocycle is initiated that leads to a net translocation of a proton from the 
cytoplasmic surface to the extracellular domain of the lipid bilayer membrane that contains BR.108, 
109 The primary photointermediate of this photocycle is often referred to as the K photostate (λmax 
= 590 nm) and is characterized by a strained 13-cis conformation of the light absorbing 
chromophore, retinal, which drives all subsequent photocycle reactions in BR.110-112 Following the 
generation of K, the protein decays through the spectrally distinct photointermediates—the L, M, 
N, and O states—before returning to the resting state (bR).113  
In our own study, we have investigated how the interaction between QDs and BR in solution 
enables the direct modulation of the lifetime of the photocycle. Although numerous research 
groups114-116 have studied the influence of BR on the emission properties of the QDs, there have 
been limited investigations that explore how QDs impact the kinetics of the BR photocycle. For 
our work, CdSe/CdS QDs were added to individual solution samples of the BR mutant, A103C. 
We selected this mutant to enable the conjugation between the protein and QDs in solution. The 
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M and bR photointermediates were monitored via time-resolved absorption spectroscopy in the 
presence of QDs. The historical importance of the M and bR photostates stems from the M/bR 
pairing being utilized as a photochromic medium in computing systems designed with biological 
materials.117 Figure 2.11 illustrates the time-dependent evolution of the M and bR 
photointermediates as shown in two-dimensional heat maps for A103C/QD assemblies at different 
molar ratios (i.e., 900:1, 500:1, and 300:1). As the relative concentration of QDs increased in 
solution, the M and bR decay photointermediate lifetimes were elongated. Meanwhile, 
photoluminescence quenching of the QDs by BR was also evident from the QD fluorescence 
lifetime measurements indicative of a nonradiative energy transfer. From our experimental 
findings, we propose that the fixation of QDs to the protein affects the proton translocation during 
the photocycle of BR, and the excitonic coupling between BR and QDs leads to modified kinetics 
of the BR photocycle. 
 
Figure 2.11 The evolution of the M and bR photointermediates for each A103C/QD system was followed 
using two-dimensional heat maps for (A) A103C, (B) 900:1, (C) 500:1, (D) 300:1. The heat maps 
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demonstrate elongations in the M (410 nm, positive red peak) and bR (570 nm, negative green peak) 
photointermediates for A103C/QD assemblies, specifically for A103C/QD systems that have high QD 
concentrations (Panels C and D). Reprinted with permission from ref. 107. Copyright 2019 Springer Nature.   
2.5.4  Higher-Ordered, Self-Assembled Heterostructures Consisting of Stable Protein One and 
Quantum Dots  
 In our own QD/protein study and others,30, 107, 118, 119 the hybrid assemblies were created by 
non-specific or electrostatic interactions between the QD and the protein. Recently, there has been 
considerable effort by various research groups to produce self-assembled protein systems with 
control.118, 120-123 Constructing such complexed systems has proven to be a challenging feat due to 
the heterogeneity of the protein structure. Nonetheless, there have been multiple works that have 
proposed several ways to design higher-ordered, self-assembled heterostructures.124, 125 One 
protein, in particular, that has been considered for higher-ordered systems is stable protein one 
(SP1), or the cricoid protein. Stable protein one is a ring-like protein that is comprised of 12 sub-
units through hydrophobic interactions. The double-layered, six-membered ring has a negatively 
charged structure and displays high symmetry. Similar to BR, SP1 exhibits high thermal and 
chemical stability, which has made the protein ideal for bio-nanotechnology applications.126, 127 
Self-assembled, hybrid systems of SP1 and QDs have been successfully engineered by Miao and 
coworkers.128 Varying sizes of CdTe QDs (QD1: 3.3 nm, QD2: 5.8 nm, and QD3: 11.5 nm) were 
electrostatically assembled onto the SP1 scaffold as illustrated in Figure 2.12A.  
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Figure 2.12 (A) Illustration depicts the self-assembly of the SP1 protein onto different sized QDs and the 
relayed energy transfer in the system. (B) Emission spectra of QD1 (3.3 nm), QD2 (5.8 nm), and QD3 (11.5 
nm) and QD/SP1 assemblies. (C) Emission spectra of QD1/SP1, QD3/SP1, and a mixture of QD1 and QD3 
with SP1. Reprinted with permission from ref. 128. Copyright 2014 American Chemical Society. 
 The conjugation of QDs with SP1 resulted in an enhancement of the QD emission for all 
hybrid assemblies shown in Figure 2.12B. Similar findings have also been reported for other 
inorganic nanoparticles/protein moieties.129-132 Since there was less spectral overlap between the 
emission peaks of QD1 and QD3, these two QDs were chosen for the coupling with SP1. Figure 
2.12C shows two new emission peaks after combining QD1 and QD3 with SP1. The drop in the 
emission peak for QD1, in addition to the enhancement in QD3 emission, was demonstrative of a 
nonradiative energy transfer relayed by the self-assembled protein.  
2.6  Conclusions and Future Perspectives 
There is no question that energy transfer has occurred in many hybrid QD-based systems.25, 
71 These QD heterostructures that are comprised of either molecular or biological components have 
demonstrated promising success in various applications, such as in sensing, energy, etc. In these 
heteroassemblies, the photoluminescence of QDs is often quenched or sometimes enhanced at the 
ensemble level. At the single QD level, the energy donor/acceptor molecules also impact the 
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“blinking” (photoluminescence intermittency) behavior of individual QDs.133-135 The appropriate 
combination of QDs and molecules can potentially suppress or eliminate “blinking” of the single 
QDs, creating steady emitters. In addition to the traditional FRET and DET mechanisms, the recent 
findings in TTET between the excitons in QDs and molecular triplets open a new avenue of QD-
enabled energy transfer. Despite successful examples demonstrating the potential high efficiency 
of this process in creating triplet states, the quality of QD surface passivation could largely impact 
TTET, which is an area worthy of further investigation. Although more recent studies have fixated 
on single excitons in QDs, multi-excitons can be generated in high quality core/shell QDs that 
have nanosecond scale lifetimes. We propose that these multi-excitons could also transfer energy 
to molecular triplets by selecting the ideal QD-molecular triplet combination. The prospect of 
multi-exciton to triplet energy transfer is an exciting topic that has yet to be explored in the near 
future.     
In the QD/biomolecule constructs, the impact of energy transfer on the QD 
absorption/photoluminescence properties have been demonstrated in a substantial number of 
systems.71, 136  The hybrid QD/biological systems have shown enhanced properties, such as broader 
absorption compared to that of isolated QDs. The broad absorption can potentially increase the 
light harvesting efficiency in the hybrid materials.  However, the impact of QDs on the spectral 
features of biological components is much less studied.  Moreover, how QDs alter the function of 
proteins remains an important, yet under investigated topic, especially on the biological activity of 
proteins. Since there are few studies that concentrate on the influence of QDs on proteins, this 
limitation can create issues in engineering biomimetic devices, in which the hybrid materials must 
maintain the desired physical/biological properties and long-term stability for optimal device 
performance. Therefore, proper ligand functionalization on QD surfaces is essential to fabricate 
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bio-compatible QDs. In the past years, there have been many chemical and physical methods 
developed to functionalize the QD surface so that the QDs are anchored to the proteins. 
Nevertheless, specific attachment of QDs to desired sites on the proteins with well-controlled 
QD/protein molar ratios is still a challenge and an avenue worth exploring in more detail.      
Similar to the favorable properties that QDs possess, multiple biological systems display 
interesting optical characteristics that can be employed for biomimetic devices. As demonstrated 
in our own study,107 the photoactive protein bacteriorhodopsin (BR) exhibits unique optical and 
physical characteristics, leading to the incorporation of BR into a myriad of device applications.117 
In addition to photoluminescence quenching of the QDs by BR, we observed a modulation in the 
BR photocycle for multiple QD/BR assemblies. We envisage that the tunability of the BR 
photocycle would be highly advantageous for protein-based computing applications that depend 
on the photochromic pairing of the M and bR photointermediates of the photocycle. We hope that 
our current findings inspire other research groups to study analogous QD/biological systems and 
to further elucidate on how the optical properties of the biological components are influenced by 
QDs.  
The results from these fundamental studies on energy transfer in hybrid QD/molecular 
nanomaterials have laid the foundation for the development of advanced optoelectronic devices 
that are dependent on hybrid QD assemblies. Overcoming the limitations in energy transfer 
efficiency concomitant with the stability and reproducibility of current hybrid nanosystems will 
enable future practical applications of these materials in display, light harvesting, catalysis, and 
biological sensing and imaging systems.    
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Chapter Three. 
Excitation Wavelength-Dependent Photoluminescence Decay of Hybrid 
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3.1 Abstract  
 Hybrid nanostructures comprised of metal nanoparticles (MNPs) and quantum dots (QDs) 
have been found to exhibit unique, new optical properties due to the interaction that occurs between 
the MNPs and QDs. The aim of this work is to understand how the exciton-plasmon interaction in 
these systems is dependent on the excitation wavelength. The nanoassemblies consisted of gold 
(Au) NPs coated in a silica (SiO2) shell of a controlled thickness and core/shell CdSe/CdS QDs 
adsorbed onto the SiO2 shells. Our findings show that the photoluminescence lifetimes of the 
hybrid constructs are dependent on the excitation wavelength relative to the localized surface 
plasmon resonance (LSPR) of the Au NPs. When the excitation wavelength is closer to the LSPR, 
the photoluminescence decay of the hybrid structures is faster. We demonstrate that by tuning the 
excitation wavelength close to the resonance, there is an enhancement in the exciton-plasmon 
coupling between the Au NPs and QDs resulting in a shortening in the QD photoluminescence 
lifetime. We then propose a possible mechanism to explain this excitation wavelength dependent 
phenomenon.  
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3.2 Introduction  
The coupling of metal nanoparticles (MNPs) with colloidal quantum dots (QDs) has led to 
the development of hybrid nanostructures that are utilized in many optoelectronic applications.1-3 
These heterostructures not only possess the optical characteristics of the individual components, 
but also display novel features because of the exciton-plasmon interactions in these nanosystems. 
Quantum dots (QDs) are nanoscale semiconductors that display numerous advantageous properties 
compared to that of organic fluorophores.4-6 In particular, QDs exhibit broad light absorption, 
narrow emission, and can be synthetically tuned to different sizes depending on the application.3-
4 Similar to QDs, gold (Au) NPs can also be tailored to various sizes and possess unique optical 
properties.7-9 When an Au NP is photoexcited with light at a certain frequency, the free electrons 
in the Au NP coherently oscillate, giving rise to an enhanced electric field around the Au NP. This 
phenomenon is called localized surface plasmon resonance (LSPR). Upon light absorption, bound 
electron/hole pairs (excitons) are generated in QDs. When QDs neighbor MNPs, alterations in the 
QD exciton dynamics ultimately impact QD emission. The photophysical properties of such 
heteroassemblies depend strongly on the particle size, shape, and distance between the single nano-
constituents, which can either enhance or quench the QD emission in these systems.10-14 However, 
few groups have investigated how the excitation wavelength of an actinic pulse impacts the 
exciton/plasmon coupling in an Au/QD assembly.15-16 Understanding how the photoluminescent 
properties of QDs are modified by external parameters is essential in the creation of optoelectronic 
applications that depend on the luminescent enhancement of QDs when neighboring MNPs.  
There have been a plethora of studies exploring the modifications in the QD 
photoluminescence (PL) lifetimes due to the exciton-plasmon interactions in hybrid nanosystems. 
A majority of these studies have concentrated on adjusting either the spacing between the MNP 
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and QD or modifying the MNP size.17-21 One of the earliest works conducted by Klimov et al. 
investigated variations in the QD emission after titrating with a colloidal gold (Au) solution.17 To 
control the distance between the Au NPs and QDs, the Au NPs were encapsulated in a silica (SiO2) 
shell that acted as a dielectric spacer. The resulting heteroassembly formed was that of a 
core@shell (Au@SiO2) structure covered in a thick layer of CdSe QDs. In addition to utilizing 
SiO2 as a spacer in these systems, others have used DNA molecules to control the distance between 
the MNPs and QDs.22-24 Liu et al. conjugated QDs to Au NPs with DNA strands onto a DNA 
origami scaffold, and tuned the distance between the QDs to NPs from 15 – 70 nm.23 Their results 
demonstrated a long-range quenching in the QD emission that was attributed to additional 
nonradiative decay routes when QDs were in close proximity to Au NPs. Furthermore, studies 
conducted by Wu and coworkers focusing on modifying either the MNP or QD size showed that 
enhanced energy transfer occurred when there was greater spectral overlap between the localized 
surface plasmon resonance (LSPR) of the Au NP and the QD emission.11, 22, 25  
Despite the ubiquity in distance and size dependent studies on metal/semiconductor 
nanostructures, limited work has concentrated on how the excitation wavelength of a light source 
impacts the optical properties of hybrid assemblies. Previous studies have shown a shortening in 
the QD PL lifetimes when QDs were in close association to MNPs after photoexcitation with 
different excitation wavelengths.15-16, 25 However, a mechanism that elucidates how exciton 
generation in QDs is altered by the MNP plasmons upon tuning the excitation wavelength is still 
under debate. Few groups have proposed possible mechanisms to explain this interesting 
phenomenon in metal/semiconductor systems. A study conducted by Ginger et al.16 demonstrated 
variations in both the PL lifetimes and quantum yields of CdSe QDs neighboring silver (Ag) 
nanoprisms after photoexcitation with either a 405 nm or 470 nm laser pulse. They associated their 
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findings to the pairing of higher order plasmon modes in the Ag nanoprisms with that of 
neighboring QDs. Focsan et al.25 also conducted an excitation wavelength dependent study in 
which they photoexcited hybrid samples of QDs and Au nanorods with either a 375 nm or 510 nm 
actinic pulse. They observed a shortening in the QD luminescent lifetime from 10.3 ns to 5.7 ns 
for the Au/QD nanostructures when excited at 510 nm. Due to the significant spectral overlap 
between that of the QD emission and LSPR of Au nanorods, they concluded that nonradiative 
energy transfer via the Förster resonance energy transfer (FRET) process was the most likely 
explanation for the decrease in PL lifetimes. Furthermore, work carried out in our own group has 
also explored the excitation wavelength dependence on the luminescence of hybrid Au/QD 
assemblies at the single particle level.15 In our previous study, we attributed the shortening in PL 
decay of a heterostructure to that of higher multiexciton emission in the CdSe/CdS QD. This trend 
was most apparent when a single hybrid assembly was excited with an excitation wavelength close 
to the Au extinction and QD emission.   
In this work, we demonstrate how the PL lifetimes of Au/QD nanostructures are dependent 
on the excitation wavelength relative to the LSPR of the Au NPs in solution. CdSe/CdS QDs were 
attached to an Au NP that was coated with an insulating SiO2 shell of a controlled thickness 
(Au@SiO2). Photoluminescent lifetime measurements were collected at wavelengths (510 – 590 
nm) close to that of the Au LSPR and QD fluorescence. From our findings, we discover that by 
tuning the excitation wavelength, there exists an enhancement in the coupling between the excitons 
and plasmons. These results are apparent when examining the shortened ensemble PL lifetimes of 
the heteroassemblies in solution. We postulate in the final section of this report that photochemical 
and physical means contribute to the decrease in the PL lifetimes. 
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3.3 Experimental Methods  
3.3.1  Reagents 
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO), with the exception of 
sodium citrate dihydrate (≥ 99.0%) obtained from Thermo Fisher Scientific (Waltham, MA), 
ammonium hydroxide (28.0 – 30.0%) from J.T. Baker (Center Valley, PA), and poly(ethylene 
glycol) methyl ether thiol (mPEG thiol, 500 MW), which was purchased from Rapp Polymere 
GmbH (Tübingen, Germany). The following chemicals were ordered from Sigma-Aldrich: 
Hydrogen tetrachloroaurate(III) trihydrate (99.9%), hydroxylamine hydrochloride (≥ 96.0%), (3-
aminopropyl)triethoxysilane (APTES, 99.0%), 2-propanol (≥ 99.5%), ethanol (≥ 99.5%), sodium 
silicate (reagent grade), tetraethyl orthosilicate (TEOS, ≥ 99.0%), 1-octadecene (ODE, 90.0%), 
trioctylphosphine oxide (TOPO, 99.0%), trioctylphosphine (TOP, 97.0%), oleylamine (OAm, 
70.0%), 1-octanethiol (> 98.5%), selenium dioxide (SeO2, 99.9%), sulfur powder (99.9%), 
poly(methyl methacrylate) (PMMA, 350k MW), cadmium oxide (CdO, 99.9%), cadmium nitrate 
tetrahydrate (Cd(NO3)2·4H2O, 99.9%), selenium powder (Se, 99.9%), myristic acid (MA, 99.0%), 
oleic acid (OLA, 90.0%) and octadecylphosphonic acid (ODPA, 97.0%). 
3.3.2 Methods  
3.3.2.1 Synthesis of Au@SiO2 Nanoparticle Assemblies 
 Au@SiO2 NP structures were synthesized in accordance with a multistep procedure that 
demonstrated a controlled silica shell growth.26 First, 120 nm Au NPs were synthesized from 40 
nm Au NPs following a seed-mediated protocol.26-28 Prior to silica shell deposition onto the 120 
nm-sized Au NP surfaces, the primer (3-aminopropyl) triethoxysilane (APTES) was added 
dropwise to the Au solution to activate the surfaces of the NPs. The mixture was stirred for 15 min 
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at room temperature before the addition of a sodium silicate solution. The Au NP solution was 
submerged in a hot water bath, and mixed for 1 hr. After 1 hr, the Au NPs were removed from the 
hot water bath and cooled to room temperature. The Au@SiO2 NP structures were centrifuged 
twice for 10 min and redispersed in deionized water each time. The resultant Au@SiO2 
nanostructures consisted of a silica shell that was initially 5 nm-thick. To achieve a 20 nm-thick 
SiO2 shell around the NPs, the Au@SiO2 NP assemblies (~5 nm-thick) were added to a mixture of 
2-propanol, deionized water, and ammonium hydroxide, which was then stirred at room 
temperature. Lastly, a solution of tetraethyl orthosilicate (TEOS) was injected dropwise into the 
solution, and the solution was left to stir overnight at room temperature. The SiO2-coated Au 
colloids were centrifuged twice in 2-propanol and redispersed in ethanol.  
3.3.2.2 Aqueous Phase Transfer of CdSe/CdS Quantum Dots 
 CdSe/CdS (core/shell) quantum dots were synthesized following procedures reported in 
the literature.29-30 An aqueous phase transfer of the CdSe/CdS QDs was performed by using an 
exchange protocol detailed by Chen et al.30 The synthesis first required the thiol terminated 
poly(ethylene glycol) methyl ether thiol (mPEG thiol) to be dissolved in chloroform. Next, 2 mL 
of the CdSe/CdS QD solution (2.5 mg/mL) was added dropwise to the mPEG thiol solution while 
stirring. The flask was degassed with nitrogen for 5 minutes and left to stir overnight. Excess 
surfactants were removed by dispersing the QDs in ethanol and centrifuging for 20 min. The final 
QD products were redispersed in deionized water.  
3.3.2.3 Preparation of Hybrid Au@SiO2/QD Assemblies 
 The hybrid Au/QD structures were prepared by adding 200 µL of the mPEG thiol-coated 
QDs to a solution of Au@SiO2 nanostructures. The solution was stirred overnight under ambient 
conditions in order to facilitate the self-assembly of the QDs onto the SiO2 shells. To remove any 
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unabsorbed QDs, the Au/QD constructs were purified via centrifugation and lastly redispersed in 
deionized water following a similar protocol established by Klimov et al.17 
3.3.2.4 Characterization of Hybrid Au@SiO2/QD Assemblies 
 During each step of the heterostructure preparation, the extinction and emission spectra 
were collected with a Cary 60 (Agilent) UV-visible spectrophotometer and a Fluoromax 
spectrofluorometer (Horiba Scientific), respectively. To determine the SiO2 shell thickness around 
the Au NPs and the binding of QDs to the Au NPs, low resolution TEM images were gathered 
with a JEOL 2010 microscope that had an accelerating voltage of 200 kV. Additionally, high 
resolution TEM images of the samples were acquired with a FEI-Talos microscope set to an 
accelerating voltage of 200 kV.  
3.3.2.5 Time-Resolved Photoluminescence Measurements 
 To obtain the PL decays of the QD or Au/QD solutions, a supercontinuum pulsed laser 
(Solea, PicoQuant, ~100 – 120 ps pulse duration, 2.5 MHz repetition rate) was used to photoexcite 
each sample at either 510 nm, 530 nm, 550 nm, 570 nm, 580 nm or 590 nm excitation wavelength. 
The photoluminescence of the solutions was acquired through a 20x air objective (Nikon, N.A. = 
0.45) and focused onto a single-photon detector (τ-SPAD, PicoQuant) that was equipped with the 
appropriate spectral filter. The photoluminescence decays were gathered using a time-dependent 
single photon counting module (PicoHarp 300, PicoQuant) with a time resolution of 32 ps. All 
experiments were performed under ambient conditions.  
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3.4 Results and Discussion  
3.4.1  Assembly of Hybrid Au@SiO2/QD System 
 Controlling the coupling between QDs and Au NPs has proven to be a challenging feat 
which strongly depends on the adhesion of QDs to an Au surface. Various synthetic methods have 
been utilized to bind QDs to an Au NP surface, such as the use of covalent and electrostatic 
interactions between the individual components.17, 25, 31 Assembly of QDs onto the Au@SiO2 NPs 
was possible in our system as a result of non-specific binding interactions between the QDs and 
Au NPs, due to the mesoporous structure of the SiO2-shell coating anchoring the mPEG thiol-
encapsulated QDs onto the Au surface.32-33 Although we did not employ direct binding methods 
of Au/QD attachment, the self-assembly of QDs onto the Au@SiO2 NP surface resulted in a sub-
monolayer of QDs coating the Au nanostructures as shown in Figure 3.1B. 
Figure 3.1 (A) Schematic illustrating the synthetic design of the hybrid Au@SiO2/QD constructs. (B) 
Transmission electron microscope (TEM) image of a cluster of Au@SiO2/QD assemblies (Scale Bar: 50 
nm). Copyright 2018 American Chemical Society.  
Here, we focus on an Au/QD assembly that displays strong spectral overlap as shown in 
Figure 3.2. Unlike in previous works,16-17, 22 the excitation wavelength is varied over the visible 
range of the electromagnetic spectrum. The Au NPs chosen for this report exhibited a plasmon 
peak at 620 nm and QD emission was recorded at 650 nm (see Figure 3.2), resulting in optimal 
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spectral overlap between the Au@SiO2 NPs and QDs. The dashed lines denote the excitation 
wavelength used in the time-resolved PL experiments.  
 
Figure 3.2 The Au@SiO2 nanostructures selected for this study have an absorption feature at 620 nm, 
which sufficiently overlaps with that of the QD emission spectrum. The excitation wavelengths (510 nm, 
530 nm, 550 nm, 570 nm, 580 nm, and 590 nm) used in this study are shown by the dashed lines and 
simultaneously photoexcited the Au LSPR and QD emission. Copyright 2018 American Chemical Society.  
3.4.2 Photoluminescence Decays at Different Excitation Wavelengths 
Despite the stochastic binding of QDs to Au@SiO2 heterostructures, an excitation 
wavelength-dependent, plasmon-exciton coupling was still evident based on our spectroscopic 
investigation as demonstrated in the figure below. Figure 3.3 shows the time-dependent 
photoluminescence (PL) decay curves that were collected under ambient conditions at different 
excitation wavelengths for CdSe/CdS QDs and the hybrid Au@SiO2/QD systems. Not 
surprisingly, modulations in the excitation wavelength resulted in no observable changes for the 
PL decay curves of the QD control sample. However, after mixing Au@SiO2 with a QD solution, 
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modifications were apparent in the QD PL decay lifetimes. In particular, at excitation wavelengths 
close to the Au plasmon band and QD emission peak, a shortening in the PL decay curves gathered 
at 570 nm, 580 nm, and 590 nm excitation wavelengths were observed. Furthermore, we observe 
a similar trend at 570 nm, 580 nm, and 590 nm excitation wavelengths for hybrid Au/QD 
assemblies consisting of 40 nm Au NP@SiO2 structures (Figure S4).  
In addition to collecting the PL decay curves for the QD and hybrid systems, the PL 
lifetimes for each series were calculated using a biexponential fitting equation. Table 3.1 shows 
the PL lifetimes gathered for the hybrid systems after fitting the PL decay curves for each sample. 
The additional fitting parameters (Table S2) and QD PL lifetimes (Table S1) can be found in the 
Supporting Information. Compared to the PL lifetimes of the QD samples, shorter PL lifetimes 
were obtained for the hybrid assemblies at each excitation wavelength. This trend was most 
noticeable in the shorter lifetime-component (τ1) values of the Au/QD systems, in which there was 
a drop in the QD PL lifetime (Table S1) from ~10 ns to ~5 ns (Table 3.1). Overall, the fitted 
lifetime results are, not surprisingly, indicative of a nonradiative energy transfer between the Au 
and QD as detailed previously in the literature.19, 22 Table 3.1 shows a drop in both the short (τ1) 
and long lifetime (τ2) components as the excitation wavelength approaches the Au NP plasmon 
and QD emission (Figure 3.2).  Apart from the 550 nm excitation wavelength, a 2.7 ns difference 
for τ1 was observed from 510 – 590 nm, while a 7.0 ns change was apparent from 510 – 590 nm 
for τ2. Hence, the most significant variation in the PL lifetime was found when the hybrid system 
was excited with a 590 nm wavelength. Compared to the QD excitation at 590 nm, there was a 5.1 
ns difference for τ1 between the hybrid and QD systems (Table S1), whereas the τ2 change was 4.1 
ns between the two systems. The shortening in the PL lifetimes and time-resolved PL decays show 
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that energy transfer is still possible between the QD aggregates and Au NPs and that the pairing is 
significantly impacted by excitation wavelengths close to the Au plasmon and QD emission.   
 
Figure 3.3 (A) QD photoluminescence (PL) decay curves taken at 510 – 590 nm excitation wavelengths. 
Variations in the excitation wavelength resulted in no noticeable changes in the PL decay curves. (B) Hybrid 
Au@SiO2/QD PL decay curves acquired at 510 – 590 nm excitation wavelengths. At excitation 
wavelengths close to the Au LSPR band and QD emission, a shortening in the PL curve is observed for the 
hybrid assemblies in solution. Insets show close-ups of the PL decay curves. Copyright 2018 American 
Chemical Society.    
Table 3.1 Photoluminescence lifetimes for Au@SiO2/QD systems. Copyright 2018 American Chemical 
Society.  
 
 
 
 
 
Excitation 
Wavelength (nm) 
τ1 (ns) – Au/QD τ2 (ns) – Au/QD 
510 6.7 ± 0.02 26.0 ± 0.1 
530 5.8 ± 0.01 24.2 ± 0.07 
550 5.2 ± 0.01 22.2 ± 0.07 
570 5.8 ± 0.02 23.7 ± 0.09 
580 5.5 ± 0.01 22.0 ± 0.06 
590 4.0 ± 0.008 19.0 ± 0.04 
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Our results demonstrate that at excitation wavelengths shorter than that of the plasmon 
resonance of Au NPs (i.e., 510, 530 nm), there is a ~5 ns difference in the hybrid QD emission 
lifetime when compared to that of the isolated QDs (Table S1). When the excitation wavelength 
was close to that of the Au NP plasmon frequency at 620 nm (i.e., 580, 590 nm), however, even 
shorter QD lifetimes were observed (Table 3.1). Although further work is needed to improve upon 
the experimental design of the hybrid Au/QD system, our findings illustrate promising results that 
the excitation wavelength influences the interaction of plasmons and excitons. In the final section, 
we postulate a mechanism to explain the wavelength-dependent phenomenon of plasmon-exciton 
coupling in the hybrid Au@SiO2/QD system.  
3.4.3 Mechanism behind Plasmon-Exciton Coupling in Au/QD System  
 As addressed earlier in this report, other studies have focused on exploring how either size 
or the distance between an Au NP and a QD influences the plexitonic coupling in the hybrid 
system.10, 14, 23 However, few have investigated how tuning the excitation wavelength of a laser 
pulse impacts the pairing of plasmons and excitons. Moreover, a mechanism that delineates the 
impact of excitation wavelength on the photoluminescence (PL) decay of hybrid 
metal/semiconductor systems is still under scrutiny.15-16, 25 Here, we offer our mechanistic 
understanding of how plasmon-exciton coupling is affected by tuning the excitation wavelength at 
the ensemble level. In our previous work on excitation wavelength dependence for a single particle 
system, we concluded that the shortening in the QD PL decay was related to higher multiexciton 
emission.15 As the excitation wavelength approaches that of the Au NP plasmon band, yet shorter 
than the cut-off wavelength of the QD absorption, we suggest that an enhanced absorption of QD 
near the Au LSPR occurs. Consequently, the multiexciton population in the QDs increases even 
though the excitation power is kept low. The multiexcitons are known to have much shorter 
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lifetimes than single excitons due to the fast Auger recombination in the QDs,34-35 and the 
multiexciton population depends on the photon absorption. When the excitation wavelength is 
closer to the Au LSPR, the absorption of the QDs is enhanced to a greater extent compared to the 
case when the excitation pulse is away from the LSPR. Therefore, an “enhanced” multiexciton 
emission would contribute to the measured photoluminescence at 590 nm excitation than at 510 
nm. Thus, a higher multiexciton contribution makes the PL decay of the Au/QD system faster at 
590 nm, and these findings are consistent with what we have observed earlier at the single particle 
level.15  
Additional plasmonic effects on the QD photoluminescence include a combination of 
energy transfer (via Förster resonance energy transfer or surface energy transfer ), the Purcell 
effect, and light scattering from the Au NPs.22, 36 Due to the relatively large size of the Au NP 
cores (~120 nm), light scattering dominates over the Purcell effect.36 Thus, modulation of the 
excitation wavelength close to the Au LSPR peak (~580 – 590 nm) results in excitation of the 
LSPR peak inducing a strong dipole coupling between that of the Au NPs and QDs. This strong 
coupling could increase the rate of non-radiative energy transfer.37 In addition to energy transfer, 
photoexcitation of isolated QDs leads to radiative and nonradiative decay channels intrinsic to the 
QD, which include nonradiative decay pathways such as surface trap states of varying energy 
levels as reported in the literature.38-40 An energetic barrier needs to be overcome by the electron 
after photoexcitation in order to access the higher energy, non-emissive trap states. By tuning the 
excitation wavelength close to the Au LSPR, the electron has the energy gained from the plasmon 
and could enter these nonradiative channels. This additional energy could allow the QDs to access 
higher energy non-emissive trap states. Lastly, since the PL lifetime (τ) is dependent on both the 
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radiative (kr) and nonradiative (knr) decay rates (𝜏 =  
1
𝑘𝑛𝑟+ 𝑘𝑟
), the access to higher, non-emissive 
trap states results in an increase in knr and thus a decrease in the PL lifetime (τ) of the QD.  
Lastly, multiple studies have reported how the synthetic motif of heterostructures strongly 
influences the optical properties of a hybrid system.41-42 Hence, the structural design of our 
Au@SiO2/QD assemblies may also explain the differences in the PL decay curves and lifetimes. 
QD aggregation, concomitant with different QD sizes, resulted in sample inhomogeneity as 
evidenced by the TEM images in Figures 3.1B and S7. The inhomogeneous nature of the Au/QD 
system could lead to subsets of Au/QD pairs in solution dominating the emission when the sample 
is excited at different excitation wavelengths. The intermittent excitation of the hybrid Au/QD 
assemblies in solution may contribute to the observed variations in the PL decays and lifetimes 
when the excitation wavelength is tuned. Thus, future work is needed to revise the experimental 
conditions to obtain more uniform, hybrid systems in solution. By improving the synthetic design 
of our hybrid assembly, we aim to develop a system in which we can systematically adjust the PL 
lifetime through tuning the excitation wavelength.   
3.5 Conclusions 
 Hybrid metal/semiconductor structures are versatile systems that can be influenced by 
numerous factors. In this study, variations in the PL decay curves were acquired for a hybrid 
Au@SiO2/QD system in solution when the excitation wavelength of a laser source was tuned. 
Most notably, a shortening in the PL lifetimes was recorded when the excitation wavelength was 
on resonance with the Au LSPR (~620 nm), specifically at 580 or 590 nm. We attributed the 
shortening of the QD lifetime to increase multiexciton emission due to enhanced photon absorption 
of QDs at plasmon resonance, and access to additional nonradiative channels from plasmon-
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induced resonance energy transfer in the system. Further efforts are underway to design 
nanostructures that have a uniform, sub-monolayer of QDs coating the Au NPs. Nevertheless, our 
system contributes an additional discussion to the disputable mechanism, and we hope this report 
provides a foundation for both application and fundamental studies.  
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Chapter Four. 
Tunable Photocycle Kinetics of a Hybrid Bacteriorhodopsin/Quantum Dot 
System  
Reprinted and modified with permission from: T. J. Wax, J. A. Greco, S. Chen, N. L. Wagner, J. 
Zhao, R. R. Birge. Nano Research 2019, 12, 365 – 373. Copyright 2019 Springer Nature. 
Nano Research Article Link: https://link.springer.com/article/10.1007/s12274-018-2224-4 
 
4.1 Abstract 
 The inclusion of inorganic nanoparticles in biological environments has led to the creation 
of hybrid nanosystems that are employed in a variety of applications. One such system includes 
quantum dots (QDs) coupled with the photoactive protein, bacteriorhodopsin (BR), which has been 
explored in developing enhanced photovoltaic devices. In this work, we have discovered that the 
kinetics of the BR photocycle can be manipulated using CdSe/CdS (core/shell) QDs. The 
photocycle lifetime of protein samples with varying QD amounts were monitored using time-
resolved absorption spectroscopy. Concentration-dependent elongations of the bR and M state 
lifetimes were observed in the kinetic traces, thus suggesting that excitonic coupling occurs 
between BR and QDs. We propose that the pairing of BR with QDs has the potential to be utilized 
in protein-based computing applications, specifically for real-time holographic processors, which 
depend on the temporal dynamics of the bR and M photointermediates. 
4.2  Introduction  
Advances in the development of bio-nanotechnologies have led to novel device constructs 
that interface the unique properties of biological and inorganic materials.1-3 The success of such 
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device architectures depends on the physical and chemical interactions between the biological 
materials and inorganic nanostructures.4-6 One biomaterial that has been independently investigated 
for a number of bioelectronic applications is the protein, bacteriorhodopsin. Bacteriorhodopsin (BR) 
is a seven-transmembrane, α-helical protein (Figure 4.1A) that is expressed in the outer membrane 
of the archaeon, Halobacterium salinarum.7 In H. salinarum, BR is arranged in trimers within a 
two-dimensional, semi-crystalline lattice known as the purple membrane (PM).8-9 The 
chromophore of BR, all-trans retinal, is covalently bound to lysine-216 in helix G of the protein 
and is responsible for absorbing light close to the absorption maximum (λmax) at 570 nm. The 
photoactivation of the protein initiates a well-characterized photocycle that results in the net 
translocation of a proton from the cytoplasmic surface to the extracellular domain of the membrane, 
which is coupled to energy production in the form of ATP under anaerobic conditions.10-11 Figure 
4.1A highlights some of the key residues that are involved in the proton pumping pathway, in 
addition to alanine-103, which is the site of a critical point mutation that is the focus of this report. 
Figure 4.1B features the native photocycle of bacteriorhodopsin, which describes the 
photochemically-activated isomerization event from all-trans to 13-cis retinal and the 
corresponding proton transfer pathway characterized by a series of spectrally distinct 
photointermediates. High quantum efficiencies have been recorded for the photochemical reaction 
that occurs to initiate the photocycle (Φ  ≈  0.65).12-13 The primary photoproduct of BR is often 
referred to as the K state (λmax = 590 nm) and is characterized by a strained 13-cis chromophore 
conformation that drives all subsequent photocycle reactions.14-16 Recent experimental and theoretical 
studies have also suggested the presence of sub-picosecond, transient photointermediates (the I 
and J states) that arise and decay in the ultrafast time regime before the K state and coincide with 
the cis-trans isomerization event.17-22 Following the generation of K, the protein decays through 
98 
 
a series of spectrally distinct photointermediates, including the L, M, N, and O states, before 
returning to the resting state (bR).23 Throughout the development of BR-based bio-nanotechnologies, 
the M state specifically has been of principal interest due to a hypsochromically-shifted λmax (410 
nm) and amenable kinetic behavior (see below). Moreover, significant interest has been placed on 
the protein for application in non-native environments due to an inherently high thermal and 
photochemical stability once it is isolated in the PM from the native organism.7, 24, 25 
 
Figure 4.1 (A) Bacteriorhodopsin is native to the archaeon, Halobacterium salinarum, and has seven trans-
membrane α-helices with the chromophore, retinal (RET), covalently bound to lysine-216 (K216) in helix 
G.  The A103C mutant is generated through site-directed mutagenesis at the intracellular side of the protein. 
(B) The main and branched photocycle of BR. The photointermediate lifetimes and absorption maxima 
(shown in parentheses and in units of nanometers) are included for each state. Copyright 2019 Springer 
Nature. 
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One of the most interesting photochemical properties of BR is the photochromic nature 
of the BR photocycle.26-27 As illustrated in Figure 4.1B, the photoactivation of BR is followed by 
the sequential decay of spectrally distinct photointermediates, however, if BR absorbs light with a 
wavelength of 410 nm during the lifetime of the M state, the bR resting state can be directly 
generated prior to the completion of the cycle.28 This M/bR photochromic nature of BR has 
inspired the genesis of optically-based bioelectronic devices, including Fourier transform 
holographic associative processors. As opposed to serial memories that are used in modern 
computing architectures, associative processors are able to distinguish objects in real time and can 
implement the unique photochromic properties of BR to access and compare data blocks or images 
to others contained within the entire memory of the system. There has been interest in holographic 
computing systems due to the potential of simulating associative memory architectures akin to the 
human brain,29-30 thus suggesting significant applications in optically coupled neural network 
computers, robotic vision hardware, and other generic pattern recognition systems.31-34 The design 
of our real-time holographic associative processors are based on work by Paek and Psaltis,33 and 
we continue to seek enhanced BR systems to optimize the in situ performance of the biomaterial 
in non-native environments (e.g., by using the presently described hybrid bio-inorganic systems).  
In addition to the primary photocycle of BR, a branched photocycle exists that can be applied 
to long-term holographic processors.35 Figure 4.1B demonstrates the branching reaction that is 
accessible following a sequential two-photon event, in which the native photocycle is first initiated 
and then the P/Q states are reached following red-light absorption during the lifetime of the O 
photointermediate. As opposed to the transient nature of the M state, the blue-shifted Q 
photoproduct (λmax = 380 nm) can last up to several years at ambient temperature, leading to the 
application of the Q state for long-term memory storage. Additional work on the Q state in 
100 
 
holographic architectures can be found in the literature, including efforts using genetic engineering 
and directed evolution to optimize the formation and stability of this unique photoproduct.36-39 
Quantum dots (QDs) are nanoscale semiconductors that are capable of harvesting a broad 
spectral range of light.40-41 Compared to organic fluorophores, QDs exhibit a number of 
advantageous properties for the inclusion in nano-biotechnologies, such as broad light 
absorption,42 narrow emission energies,40 and high photostability.41 Moreover, the size tunability 
of colloidal QDs results in the emission of QDs over a large range of wavelengths across the 
electromagnetic spectrum due to the quantum confinement effect. Thus, QD nanoparticles have been 
incorporated into applications ranging from biodetection to solar cells.42-43 More recent efforts have 
focused on the coupling of QDs with biological materials, with a concentration on the 
photochemical interaction between QDs and BR.44-48 
As shown by Griep et al.,44 the pairing of CdSe/ZnS QDs with BR results in a nonradiative 
energy transfer between the QDs and BR that involves the Förster resonance energy transfer 
(FRET) mechanism. This energy transfer was found to be dependent on both the distance between 
the QDs and BR, and whether the QDs were coupled with either PM fragments or BR monomers. 
It was discovered that photoluminescence quenching of the QDs was more pronounced when the 
QDs were attached to the BR monomer as a result of less steric hindrances and membrane folding 
which are prevalent in a PM fragment. An additional study focusing on the development of a bio-
nanosensing device found that the energy coupling between QDs and BR-based thin films led to 
an enhancement in the photoelectric response of the protein.48 Other studies have shown that the 
energy transfer via the FRET mechanism between QDs and the protein impacts the number of 
protons being pumped across the PM.46 These studies have also illustrated how the inclusion of 
QDs with BR can broaden the spectral range of light absorption by BR beyond the 570 nm λmax. 
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Furthermore, recent work has explored the effect of a magnetic field on CdSe QD 
photoluminescence, retinal isomerization, and the electron transfer process from an excited CdSe 
QD to an excited retinal chromophore.49 Although there have been a multitude of studies proving 
the photoluminescence quenching of QDs by BR, there have been limited investigations that 
explore how QDs impact the kinetics of the BR photocycle. 
In the present work, we demonstrate that the interaction between QDs and BR in solution 
allows for the direct modulation of the lifetime of the photocycle. CdSe/CdS QDs were added to 
individual solution samples of the BR mutant, A103C. This mutant was selected for this study to 
enable the conjugation between the PM fractions and QDs in solution. Select photointermediates 
were monitored via time-resolved absorption spectroscopy in the presence of QDs. As the relative 
concentration of QDs increased in solution, the bR and M decay lifetimes were incrementally 
elongated. Moreover, photoluminescence quenching of the QDs by BR was also evident from the 
QD fluorescence lifetime measurements indicative of a nonradiative energy transfer. From our 
experimental findings, we propose that excitonic coupling between BR and QDs leads to modified 
kinetics of the BR photocycle. The BR/QD hybrid system offers a new paradigm for creating BR-
based holographic associative processors with tunable photochromic kinetics, which has previously 
not been achieved using traditional genetic or chemical modifications to the protein. 
4.3 Experimental Methods  
4.3.1 Reagents 
All chemicals were either purchased from Thermo Fisher Scientific (Pittsburg, PA) or 
Sigma Aldrich (St. Louis, MO), except for poly(ethylene glycol) methyl ether thiol (mPEG thiol, 
500 MW), which was received from Rapp Polymere GmbH (Tübingen, Germany). 
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4.3.2 Methods  
4.3.2.1 Strain Generation, Protein Isolation, and Purification 
 In order to generate the A103C BR mutant, mutant DNA was transformed into the MPK409 
cell line of H. salinarum using methods outlined by Peck et al.50 Purple membrane fractions were 
then prepared and isolated according to standard procedures.51  
4.3.2.2 Synthesis and Aqueous Phase Transfer of CdSe/CdS Quantum Dots 
 CdSe/CdS (core/shell) QDs were synthesized following established protocols.52-53 In order 
to render the CdSe/CdS QDs water soluble, a ligand exchange procedure was implemented.53 First, 
10 mg of poly(ethylene glycol) methyl ether thiol (mPEG thiol) was dissolved in 5 mL of 
chloroform in a 25 mL flask. 2 mL of the CdSe/CdS QDs solution (2.5 mg/mL) was added 
dropwise to the solution while stirring. The flask was covered with tin foil, degassed with nitrogen 
for 5 min, and allowed to stir overnight. The QDs were purified by adding ethanol and centrifuging 
at 11,000 rpm for 20 min to remove excess surfactants. The final products were redispersed in 
distilled water, and the absorption and emission spectra of the sample were taken with a Cary-60 
(Agilent) UV-visible spectrophotometer and a Fluoromax spectrofluorometer (Horiba Scientific), 
respectively. These spectra can be found in Figure S1 in the Electronic Supplementary Material 
(ESM). A low resolution transmission electron microscopy (TEM) image of the QDs was obtained 
with a JEOL JEM-2010 microscope that had an accelerating voltage of 200 kV. Based on the TEM 
image, the diameter of the QDs was estimated to be 8.9 ± 0.7 nm. The TEM image is shown as 
Figure S2 in the ESM.   
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4.3.2.3 Preparation and Characterization of A103C/QD Samples 
 Hybrid A103C/QD constructs were prepared by adding varying amounts of a QD stock 
solution (76.2 nM) to A103C samples with a concentration of 76.0 μM (Figure S3 in the ESM). The 
A103C aliquots in each mixture were held constant at 1.98 mg/mL (7.60 × 10−9 moles), while the 
QD quantity was increased and the buffer volume was adjusted to maintain a consistent final 
volume as shown in Table S1 in the ESM. 
The A103C/QD molar ratios calculated for each solution sample were the following: 900:1, 700:1, 
500:1, 300:1, and 100:1. Molar ratios were adjusted based on the molarities and added volumes of 
QD and A103C stock solutions. Relatively low concentrations of QDs were used in this study to 
reduce sample aggregation and investigate whether minimal disturbances would alter the 
photochemical behavior of the protein. All hybrid samples were prepared in a 50 mM glycine buffer 
at pH 9.5. Each sample was mixed for 2 h at room temperature using a nutating mixer and was 
then centrifuged twice at 7,500 rpm for 30 min to remove unattached QDs in the supernatant. 
Finally, the samples were resuspended in a 50 mM glycine buffer at pH 9.5.  
 The absorption and emission spectra for the samples were taken with a Cary-60 (Agilent) 
UV-visible spectrophotometer and a Fluoromax spectrofluorometer (Horiba Scientific), 
respectively (Figure S4 in the ESM). Although optimal spectral overlap is needed to achieve the 
greatest energy coupling between the BR absorption and QD emission, a QD emission spectrum 
(~622 nm) red-shifted with respect to the BR absorption maximum (λmax = 570 nm) was chosen 
for this investigation. As shown in Figure 4.5, the red-shifted QD emission promotes energy 
transfer between the bR and primary photointermediate states (i.e., K state) and limits the QD 
emission influence on later photointermediates, such as the M state. A detailed discussion on the 
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impact of this red-shifted QD emission on the BR photointermediates can be found in the proposed 
mechanism. 
4.3.2.4 Time-Resolved Photoluminescence Measurements 
 Each sample was photoexcited with a supercontinuum pulsed laser (Solea, PicoQuant, 
~100-120 ps pulse duration, 2.5 MHz repetition rate) that was tuned to a 532 nm excitation 
wavelength, and the photoluminescence of the samples was focused onto a single-photon detector 
(τ-SPAD, PicoQuant) equipped with a suitable spectral filter. The photoluminescence lifetimes 
were obtained with a time-dependent single photon counting module (PicoHarp 300, PicoQuant) 
with a time resolution set at 32 ps. The photoluminescence decays were then fitted to a 
biexponential function (Table S2 in the ESM) to determine the lifetime values. All experiments 
were performed under ambient conditions. 
4.3.2.5 Time-Resolved Absorption Spectroscopy Measurements 
Each protein sample was prepared at an optical density of 1.0 at the 570 nm λmax and 
transferred to 1.5 mL methacrylate cuvettes (Plastibrand Cuvettes, Fisher Scientific, Inc.) that have 
a 1-cm path length. Prior to the time-resolved measurements, the protein samples were light 
adapted (LA) using 400 W white light source for one hour. A Neodymium:YAG laser system 
(Continuum Minilite II) was used as the actinic pump pulse directly preceding the time-resolved 
absorption measurements. The photocycle was initiated by photoexciting each sample using a 532 
nm pulsed laser. A rapid-scanning monochromator (RSM) system (OLIS Instruments Inc., RSM-
1000 stopped flow) was used to collect the time-resolved difference absorption spectra from 350 
nm to 750 nm (via 50 L/mm, 500 nm blaze wavelength gratings) at a 1 ms time resolution with 
respect to the BR resting state absorption spectrum. The initial absorption spectrum of LA BR was 
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used as a baseline and the RSM system monitored the difference spectra by using 1,000 scans 
averaged per second. The time-resolved difference spectra showed the formation and decay of the 
bR and M photointermediates (Figure S5 in the ESM). The data gathered from these difference 
spectra were then used to generate heat maps that also illustrate the evolution of the photocycle 
and are shown here in this report (Figure 4.3). In addition to gathering the time-resolved difference 
spectra for selected photointermediates, single-wavelength kinetic measurements for the M state 
following light activation were measured by averaging 10 traces per protein sample using a flash-
photolysis set-up. In this set of experiments, the transmitted beam was set to 532 nm and passed 
through a monochromator, which was fixed at 410 nm. Single-wavelength kinetic traces for the M 
state (Figure 4.4) were obtained by tracking changes in absorption at 410 nm using a 
photomultiplier tube. Equation 4.1 is used for the multiexponential fitting of the kinetic data, as 
implemented in the Birge software program, FitDynamics 3.2.2U: 
y(t) = A0(1 − e
[−(t−t0) τform]⁄ ) − (e[−(t−t0) τdecay]⁄ )                                      (4.1) 
where A0 is the absorption at the time of laser excitation, t0 is the excitation time, τform is the time 
constant for formation of the state, and τdecay is the time constant for the decay of the state. A 
schematic of the time-resolved apparatus can be found in the Supporting Information (Scheme S1). 
All the data were collected at 25 °C. 
4.4 Results and Discussion 
4.4.1  Assembly of the A103C/QD Hybrid System 
 The primary structure of wild-type BR contains no indigenous cysteine residues, however, 
previous reports have employed X → C substitutions in order to offer a means to chemically 
examine structural/functional attributes of the protein using thiol-mediated spin label probes.54-56 
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When the targeted mutation is located in the interhelical loop regions of BR (e.g., Q3C, S35C, 
A103C, M163C), cysteine-to-gold thiol linkages can be formed to anchor oriented monolayers of 
the protein for use in photoelectric device applications.57-58 The semicrystalline lattice of BR 
trimers in the PM fragments ensures that this binding is effectively irreversible, which is an 
attractive feature for generating stable BR thin films on a metal interface. This methodology has 
been enhanced in recent years by Watts et al. by isolating BR mutant trimers from the PM 
suspension and improving the surface molecular density of BR when applied onto gold films.59 
The BR/QD hybrid system created in this study does not utilize delipidated protein, although the 
methods do offer an opportunity to further improve upon the molecular interactions within the 
hybrid systems under development. 
The mutant protein used in this study, A103C, has a history of use in efficient 
immobilization that exhibits wild-type structural and functional integrity.55, 60  Because the 
mutation is located in the cytoplasmic loop region of the protein, the amino acid substitution does 
not have a significant impact on the proton translocation events comprised within the BR 
photocycle. Thus, this mutant has found application in studies that wish to anchor the protein while 
relegating the structural change to be photochemically inert.  
In this report, the mPEG thiol surfactant coating the CdSe/CdS QDs was chosen to promote 
the solubility of the QDs in an aqueous solution and to facilitate bioconjugation to the A103C 
protein material. Based on the structure of this polymer, the thiol linkages will statistically bind to 
the CdS shell, thus burying many of the moieties for direct linkage to the cysteine residue in the 
A103C protein. However, as the spectroscopic analysis below indicates, there is evidence of a 
concentration-dependent A103C/QD interaction, which suggests the possibility of aberrant thiol 
groups that are exposed resulting in nonspecific binding of the QDs to the protein. Moreover, the 
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electrostatic interactions between QDs and the PM have been previously demonstrated and offer 
an additional means of stabilizing the hybrid materials used in this study.45, 49   
 
 
Figure 4.2 QD PL lifetimes when colloidal QDs are assembled onto A103C. The PL lifetimes are indicative 
of the nonradiative energy transfer that occurs between the QDs and A103C in solution. At higher 
A103C/QD molar ratios, a decrease in the QD photoluminescence lifetime was observed. Copyright 2019 
Springer Nature.  
 
Table 4.1 Photoluminescence lifetimes for A103C/QD samples. Copyright 2019 Springer Nature. 
Sample τ1 (ns) τ2 (ns) 
QD 13.4 ± 0.07 34.2 ± 0.10 
100:1 10.6 ± 0.07 22.9 ± 0.19 
300:1 9.3 ± 0.04 23.2 ± 0.16 
500:1 7.6 ± 0.04 20.1 ± 0.14 
700:1 2.6 ± 0.01 13.7 ± 0.02 
900:1 1.9 ± 0.003 15.1 ± 0.44 
 
Figure 4.2 shows the time-dependent photoluminescence decay of the A103C/QD 
conjugates collected at room temperature with varying A103C to QD ratios. The fluorescence 
lifetime is shown to decrease as the molar ratio of A103C to QDs is increased. Hence, samples 
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that had higher concentrations of A103C relative to QD concentration (i.e., 900:1, A103C:QD) 
had more fluorescence quenching of the QDs compared to samples that had lower A103C 
concentrations, resulting in shorter fluorescence lifetimes. The photoluminescence lifetimes were 
calculated using a biexponential fit and the time constants τ1 and τ2 were found to decrease from 
13.4 to 1.9 ns and 34.2 to 15.1 ns, respectively, trending toward higher A103C/QD molar ratios.  
Table 4.1 shows the lifetime values obtained after fitting the photoluminescence decays for 
each sample. Additional fitting parameters can be found in Table S2 in the ESM. The observed 
phenomenon, which is also found in the emission spectra of the A103C/QD assemblies (Figure 
S3A) suggests a nonradiative energy transfer from the QDs to the protein (max = 570 nm), that 
mirrors observations of FRET-like energy transfer in previous BR/QD investigations.44, 47-49, 61, 62  
One such study conducted by Griep et al.44 demonstrated how the photoluminescence 
lifetimes were similarly measured to decrease upon the addition of BR to a QD solution ( = 13.3 
ns) relative to the untreated QD sample ( = 18 ns). As noted above, this data does not necessarily 
confirm the extent of covalent linkages formed between the cysteine residue and the mPEG thiol 
surfactants, however, the fluorescence behavior signifies a close association between the two 
species in solution and is indicative of an energy transfer from the QD to retinal chromophore.  
4.4.2  Time-Resolved Absorption Spectroscopy 
Upon confirmation of fluorescence quenching as a result of QD conjugation to A103C, the 
photocycle kinetics of A103C were monitored utilizing time-resolved absorption spectroscopy. 
The time-resolved absorption difference spectra were collected from zero to one second following 
irradiation at 532 nm (Figure S5 in the ESM). The millisecond time resolution of this technique is 
capable of monitoring specific photointermediates of the BR photocycle, including the bR (570 
109 
 
nm), M (410 nm), and O (640 nm) states (Figure 4.1B). While previous studies have investigated 
the impact of QDs on broadening the excitation energy range of BR and enhancing photocurrent 
generation,45-46, 48, 63 this series of experiments investigates the consequences on the kinetics of the 
photocycle. 
 Figure 4.3 provides heat maps to track the time-dependent evolution of key 
photointermediates for varying relative concentrations of A103C and QD in aqueous solution (50 
mM glycine, pH 9.5). As the concentration of QDs rise relative to the protein in the assemblies, 
the overall lifetime of the photocycle is shown to increase significantly. This result is clearly seen 
in the two-dimensional heat maps in Figure 4.3, in which the positive and negative peaks at 410 
nm (M) and 570 nm (bR), respectively, lengthen with increasing QD content. The bR state 
photokinetic lifetimes were collected based on the λmax values defined by the time-resolved 
difference spectra and range from 15 ms (A103C) to 68.8 ms (300:1, A103C:QD). Although 
chemical modifications to the protein that elongate the photocycle have been demonstrated 
previously,64-66 the QD concentration dependence of the bR and M state lifetimes we discovered 
here establishes a technique in creating a photochromic material with tunable dynamics (see 
below).  
For all the samples shown in Figure 4.3, there is little to no O state present in the plotted 
heat maps. This phenomenon is likely due to the experimental conditions that were used for the 
measurements (50 mM glycine, pH 9.5), which facilitated the deprotonation of the thiol groups for 
assembling the protein to the QDs. At pH 9.5, the photocycle is truncated to omit the O state 
because of the slow reprotonation of the deprotonated proton release complex.64-65 Concomitant 
with the disappearance of the O photointermediate at alkaline pH values is a truncation of the M 
state,66 which is offset in this study by the photochemical coupling with the CdSe/CdS QDs. 
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Below, we discuss the implications of directly modulating the M state lifetime, particularly in 
reference to the application of these hybrid systems as photochromic media for Fourier transform 
holographic associative processors.24, 70, 71  
 
Figure 4.3 Two-dimensional heat maps for (A) A103C, (B) 900:1, (C) 500:1, (D) 300:1 were created to 
monitor the evolution of the M and bR photointermediates. Both the 100:1 and 700:1 data sets are not 
included due to noise. As represented on the heat maps, elongations in the M (410 nm, positive red peak) 
and bR (570 nm, negative green peak) states are observed for A103C/QD solutions that contain high QD 
concentrations (Panels C and D). Copyright 2019 Springer Nature. 
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4.4.3 Tunable M State Kinetics for Photochromic Applications 
 To determine the approximate rise and decay kinetics of the M photointermediate, each 
curve was fit to a double exponential (Eq. 4.1). Figure 4.4 shows the kinetic traces at 410 nm for 
each A103C/QD sample. With increasing QD concentrations in the hybrid conjugated systems, 
the M state lifetime values (form + decay) were shown to rise from 6.50 ms (A103C control) to 17.5 
ms, 37.2 ms, 48.2 ms, and 62.7 ms (900:1, 700:1, 500:1, 300:1, respectively). Interestingly, the 
decreased rate of M state kinetics we observed is the opposite of what has been previously reported 
for BR/QD hybrid systems.72-73 This finding will be discussed in greater detail in the proposed 
mechanism section below. 
 
Figure 4.4 M state kinetic traces gathered for each A103C/QD sample. A concentration dependence of 
QDs on the M state decay kinetics was observed, and the kinetic traces were fitted with a double exponential 
fitting equation to determine the M state lifetimes. Copyright 2019 Springer Nature.  
The importance of the bR (570 nm) → M (410 nm) photochemical reaction is derived from 
the spectral separation and change in refractive index of the transient M photointermediate with 
respect to the bR resting state. The photochemically reversible bR/M photochromic pair has 
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inspired the development of real-time holographic associative processors and next-generation 
bioelectronic devices.  
 However, because the M state lifetime is on the order of ~8 ms (Figure 4.1B), this 
metastable photointermediate of wild-type BR is fundamentally too short for the direct application 
into associative memory processors that rely on this photochemistry. Thus, the ability to alter the 
observed lifetime of the M state has been the subject of many research efforts since the first 
holographic associative processor was developed in the 1980s.74-75  
Past studies have demonstrated the elongation of the BR photocycle by means of low-
temperature trapping,28 dehydration,76 and various chemical modifications.64-66 However, there is 
limited flexibility in the dynamics of these processes and the implementation of the environments 
are typically incongruous with the long-term stability of the biomaterial in devices. Chemical 
modifications using retinal analogues, particularly 4-keto retinal, have also been shown to 
introduce a dramatic increase in the M state lifetime.77-78 Finally, genetic engineering offers a 
robust framework for modulating the photophysical properties and kinetics of the bR/M 
photochromic pair.79-81 The most notable example is D96N, which has been shown to increase the 
M state lifetime to ~200 ms at pH 5 and 20 s at pH 8.31 Nonetheless, the photochemical kinetics 
remain to be finite beyond the intentional disruption of the proton translocation pathway. 
The results from this study demonstrate the direct manipulation of the photocycle lifetime 
by varying the amount of CdSe/CdS QDs relative to protein concentration. The use of A103C 
allows for close association of BR with the QD nanoparticles, and future efforts will continue to 
optimize the conjugation between the biological and inorganic materials. While further studies are 
necessary to understand the limitations and long-term stability of the excitonic coupling that is 
observed within the A103C/QD hybrid system, the results here present an interesting medium for 
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incrementally modifying the dynamics of BR. In the concluding section of this report, we postulate 
the potential photochemical and physical mechanisms that are regulating these experimental 
observations. 
4.4.4 Excitonic Coupling in the A103C/QD Hybrid System 
 Based on our experimental findings, we propose that excitonic coupling between the retinal 
chromophore of BR and QDs is the primary mechanism that is responsible for the observed 
alteration of the BR photocycle. The pairing of delocalized excited states has a significant effect 
on not only the electronic structure of the system, but also on the optical properties and energy 
transfer kinetics. Nonradiative energy transfer between the excited QDs and excited retinal is well 
established in the literature.44, 47-49, 61, 62 As shown previously,49 the spin-dependent 
photoluminescence quenching of QD nanoparticles by adsorbed BR leads to an efficient 
nonradiative energy transfer that requires the excitation of both retinal and the QDs. This 
cooperative mechanism is facilitated in our experiments through the 532 nm actinic pulse, which 
can lead to the simultaneous absorption of both materials within the system. Additionally, the 
A103C/QD hybrid assembly has shown to dramatically increase the nonlinear refractive index 
compared to BR solutions, thus suggesting a highly interacting system that may be regulated by 
excitonic coupling of the inorganic and biological materials.45 Notably, the enhancement of the 
nonlinear optical properties of BR is advantageous for the proposed application of the hybrid 
material within Fourier transform holographic thin films.24, 82 
Since the lifetime of the excited retinal occurs on a femtosecond timescale and the excited 
QD exciton can exist on the order of nanoseconds, we propose that the electron density of the 
retinal chromophore prior to isomerization undergoes a competitive event originating from the 
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nonradiative energy transfer from the QDs, which obstructs isomerization during the ultrafast 
regime of the putative I/J states and distorts the subsequent procession of proton translocation 
events. This behavior was demonstrated by Roy et al.,49 in which quenching by the excited retinal 
molecule impacts the initiation and progression of the photocycle. The timescale of the excitonic 
coupling between the two materials is so fast, that it is unlikely that there is energy directly 
transferred from the QDs to retinal throughout the later photointermediates of the BR photocycle 
(e.g., the M state). Moreover, the 622 nm emission maximum of the QDs has very little spectral 
overlap with the blue-shifted M photointermediate (λmax = 410 nm) (Figure 4.5). However, the 
primary photochemical event leading to the retinal isomerization occurs within several 
femtoseconds and the decay lifetime of the K photointermediate is on the order of ~2 s.63  Hence, 
the energy coupling that exists between the QDs and retinal can lead to perturbations in the K 
photointermediate lifetime. In addition to the fast timescale of this excitonic coupling, spectral 
overlap of the QD photoluminescence is greatest with that of the bR (λmax = 570 nm) and K (λmax 
= 590 nm) states as shown in Figure 4.5. Thus, nonradiative energy transfer is optimal during the 
primary photocycle events, which can have consequences on the free-energy-driven progression 
of the photocycle following the formation of the K state.83 This interference with the K state can, 
in turn, alter BR photodynamics/proton pumping and lead to downstream kinetic consequences, 
including the formation and decay of the blue-shifted M state.  
In contrast to the observed consequences of A103C/QD excitonic coupling in this report, 
previous studies have indicated that the mixture of these biological and inorganic materials led to 
an increased rate of M state formation and decay (from ~5 ms for PM complexes to ~3 ms for 
PM/QD hybrid systems).72-73 These reports suggested that the surface potential of the PM was 
altered due to the field effects of the negatively charged QDs, thus impacting the deprotonation 
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and protonation kinetics of the protein. Similarly, El-Sayed et al.63, 84, 85 have demonstrated an 
increased rate of decay of the M state in the presence of the plasmonic field of gold nanoparticles. 
While the CdSe/CdS QDs used in this investigation are not identical to those observed heretofore, 
it is interesting that we observed the opposite behavior of previous BR hybrid systems shown in 
the literature.  
Discrepancies in the M state decay kinetics between our findings and others could stem 
from the synthetic design of our hybrid system, which would impact the BR/QD coupling. 
Although we did not employ direct binding methods, QD adsorption onto the PM surfaces was 
possible due to the potential of exposed thiol groups on the QD surfaces. Adhesion of the QDs 
onto the PMs could influence a variety of factors that would affect the retinal isomerization and 
ultimately photocycle kinetics. Concomitant with nonradiative energy transfer in our hybrid 
system, localized changes in the pH of the BR environment upon addition of QDs may lead to the 
observed perturbations in the photointermediate lifetimes.86 Furthermore, the mPEG thiol coating 
around the QDs results in a slightly negatively charged QD surface that can electrostatically 
interact with the PMs.46, 47, 62, 87, 88 As previously demonstrated in the literature, the negatively 
charged QDs could create an external electric field around the charged PM surface, hence leading 
to a modified PM surface potential and modulations in photocycle kinetics.74, 89-90 In addition to 
FRET-like energy transfer between the QDs and A103C, we do not rule out the potential of charge 
transfer impacting the QD photoluminescence lifetimes and M state kinetics. As detailed in the 
literature,49, 53, 91-92 charge transfer is probable when there is optimal band energy alignment 
between the QDs and that of the HOMO and LUMO of retinal. While we did not directly measure 
the valence and conduction band energies of the QDs and the energies of the HOMO and LUMO 
of retinal, we infer that charge transfer is an additional mechanism that can influence the 
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photocycle kinetics and further work is being undertaken to investigate this alternative pathway in 
our hybrid system.  
The excitonic coupling model that is proposed above must be probed further to fully 
delineate the mechanism, however, it is likely that there is a mixture of chemical and physical 
phenomena that are contributing to our photochemical kinetic measurements above. We do not 
rule out the potential impact that mechanical fixation of the QDs may have on the dynamics of the 
proton pumping activity of BR. The PEG-capped QDs are known to have larger hydrodynamic 
diameters (~10 nm) than QDs capped with smaller ligands, such as cysteine.47 Hence, increasing 
the concentration of these larger sized QDs may have the potential for limiting the conformational 
flexibility of BR in solution and potentially providing a barrier for efficient proton uptake or 
release. Nonetheless, the concentration dependence of the observed photochemical dynamics 
across multiple QD-BR-assembly paradigms, including the electrostatic adsorption of QDs 
encapsulated with a positively-charged polymer onto wild-type BR (Figure S6 in the ESM), 
suggest that photochemical coupling plays a more significant role. Similar to the A103C/QD 
series, elongations in the M and bR photointermediate lifetimes were observed for solutions of 
wild-type BR and positively charged QDs. In future studies, we will continue to investigate our 
mutant and wild-type hybrid systems as photochromic materials in holographic associative 
processor prototypes. Furthermore, femtosecond scale transient absorption spectroscopy will be 
used to investigate the K photointermediate to better understand the mechanism of the hybrid 
system.  
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Figure 4.5 The normalized PL spectrum of CdSe/CdS QDs at 622 nm, and the normalized absorption 
maxima of the M (410 nm), bR (570 nm), and K (590 nm) photointermediates. We propose that, due to the 
greater spectral overlap of the QD emission with that of the bR and K state absorption maxima, nonradiative 
energy transfer is likely during the primary photochemical events of the BR photocycle. (The K state 
spectrum is reproduced with permission from ref. 24, © American Chemical Society 1999.) Copyright 2019 
Springer Nature.  
 
4.5  Conclusions  
Modulation of the BR photocycle is demonstrated by adjusting the concentration of 
CdSe/CdS QDs relative to the BR mutant, A103C, in solution. Specifically, this report measures 
the concentration-dependent, time-resolved absorption dynamics of the protein within a QD hybrid 
system, in which a mutant is used to directly attach the QD nanoparticle to the PM. We observe 
an increase in the lifetime of the photocycle, and concomitantly, the tunable modulation of the 
blue-shifted M photointermediate. The ability to deliberately modulate the photochemical kinetics 
of the bR/M photochromic pair offers an approach in generating a medium that is adjustable for 
application in holographic associative processors and other applications that rely on specific 
photochemical dynamics of BR. We hope that this report inspires future investigations that 
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continue to develop new device architectures that exploit the interface of biological and inorganic 
materials.  
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